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Abstract
The global emphasis on improving energy efficiency in recent years has propelled
the development of new engineering solutions to meet the high efficiency standards.
The push from the transportation industry to achieve weight reduction of automo-
biles/components (in order to meet the higher standards for fuel efficiency) has re-
newed interest in lightweight materials such as magnesium (Mg). Mg alloys have
low density and high specific strengths which makes them attractive in applications
where their increased use can lead to significant energy savings. In order to success-
fully use these materials in applications in which they will be subjected to dynamic
loading such as automotive, aerospace and defense applications, we need to assess
and understand their behavior under such conditions. The deformation behavior of
this HCP material is complicated by the richness of the slip and twinning modes and
their interactions and dynamic loading may introduce additional complexities.
High strain rate (Kolsky bar) and normal plate impact experiments were per-
formed on pure extruded magnesium to analyze the mechanical behavior. Microstruc-
tural analysis of the pre and post deformation samples was performed in order to
ii
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understand the dominant deformation mechanisms and their evolution. Optical mi-
croscopy and electron back scattered diffraction (EBSD) was performed to analyze
deformation twinning and transmission electron microscopy (TEM) was performed to
analyze the dislocation structures. It was observed that under uniaxial stress com-
pression at high strain rates (∼103s−1) in the ED (induced by Kolsky bars), extension
twinning, 〈a〉 slip and 〈c+ a〉 slip are necessary to accommodate plastic strains. The
microstructural observations show that extension twinning reorients the material by
860 to a harder orientation and causes a significant change in the texture. The insights
gained from the analysis of the evolution of the dominant deformation mechanisms
are used to develop a simple mechanism based constitutive model which captures the
behavior of single and polycrystalline Mg.
The normal plate impact experiments conducted (on both single crystal and poly-
crystalline Mg) at 60-70 m/s impose a uniaxial strain loading for very short durations
(∼2 µs). Elastic-plastic plate impact simulations performed in Abaqus/Explicit show
that the stress, strain and strain rate in the specimen thickness are inhomogeneous
in these experiments. Deformation twinning is observed under this loading of very
short duration although the characteristics of the twins formed under this loading
are different than those induced by the Kolsky bar loading (∼200 s). The twins in-
duced by the plate impact loading are thinner and occupy smaller volume fraction
as compared to the ones induced by the Kolsky bar loading. The observations from
both the experiments indicate that the differences in the deformation twinning char-
iii
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acteristics arise from the differences in the stress states, strain rates and the loading
durations in the two cases. These observations help us further our understanding of
the mechanisms controlling the dynamic behavior of pure magnesium.
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The global emphasis on improving energy efficiency in recent years has propelled
the development of new engineering solutions to meet the high efficiency standards.
The push from the transportation industry to achieve weight reduction of auto-
mobiles/components (in order to meet the higher standards for fuel efficiency) has
renewed interest in lightweight materials such as magnesium [5–8]. Magnesium is
the eighth most abundant element in the earth’s crust and its density is only 1.74
g/cm3 [8]. The low density, high specific strength (strength-to-weight ratio) and good
damping qualities of magnesium alloys makes them attractive in a variety of automo-
tive and aerospace applications. Magnesium is biocompatible, due to which it is also
being considered for applications in biodegradable and bioabsorbable implants [9].
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Another avenue of interest for the use of magnesium and its alloys as structural
materials is in armor systems. Armor systems are currently being developed that
use magnesium in a composite form or in conjunction with traditional armor ma-
terials (e.g. ceramic armor backing plates) [10]. Although pure magnesium is not
very strong, it can be alloyed with other elements and processed to impart different
textures in order to obtain desirable properties.
The usage of this material in engineering applications has been limited due to
issues such as poor corrosion resistance and flammability and also due to the lim-
ited understanding of its complex mechanical properties. The complex mechanical
behavior of this material affects the ability to process magnesium and its alloys into
the desired form factor for engineering applications as well as their performance as
load bearing structures [11]. The recent interest in the increased use of magnesium in
automotive, aerospace and armor components has driven research in multiple areas
such as new alloy design, improving processing techniques and understanding of the
structure-property relationship (mechanical behavior of this material). It is impor-
tant to understand the fundamental deformation mechanisms and their effect on the
mechanical behavior in order to successfully use magnesium as a structural material.
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1.2 Crystal structure and deformation mech-
anisms of magnesium
Magnesium has a hexagonal close packed (HCP) crystal structure and a slightly
less than ideal c/a ratio. The low symmetry of the HCP crystal structure of mag-
nesium makes its deformation mechanisms more complex as compared to the high
symmetry face-centered-cubic (FCC) and body-centered-cubic (BCC) materials. The
crystal structure and the dominant slip and twinning systems in magnesium are shown
in Fig 1.1 and Fig 1.2 (adapted from Ref [2]). The basal plane contains the crystallo-
graphic 〈a〉 direction whereas the 〈c〉 direction is perpendicular to it. The 〈a〉 direction
is given by 〈1̄21̄0〉 and the 〈c〉 direction is given by [0001] with the lattice parameters
as a = 0.32 nm and c = 0.52 nm [12].
Figure 1.1: Slip systems in magnesium (Figure adapted from Ref [2])
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Figure 1.2: Twin systems in magnesium (Figure adapted from Ref( [2])
The mechanisms that govern the deformation of Mg and its alloys at low strain
rates have been widely studied in recent years [1,13–30]. The dominant slip systems in
magnesium are the (0001)〈112̄0〉 basal slip system and the {101̄0}〈112̄0〉 prismatic slip
system [13,31]. Since both of these slip systems have the 〈a〉 type Burger’s vector, they
are insufficient to accomodate general plastic deformations [32,33] . Thus, additional
mechanisms such as the pyramidal 〈c+a〉 slip system and deformation twinning must
be activated under general loading conditions. The commonly observed deformation
twinning modes in magnesium are the {101̄2}〈1̄011〉 extension twinning mode and
the {101̄1}〈101̄2̄〉 contraction twinning mode [1, 15, 21, 22, 25, 26, 34]. The names
represent the type of deformation supplied by the twinning mode. The extension
twinning mode accommodates extension along the crystallographic c-axis whereas the
contraction twinning mode accommodates contraction along the c-axis [21]. These
modes are sometimes referred to as tensile twinning mode and compression twinning
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mode respectively. The experimentally measured critical resolved shear stress (CRSS)
values for these slip systems in Mg single crystals have been reported by several
studies [34–38]. Many authors [34,35,39,40] also define a CRSS for the twin systems,
although it is not clear that twinning is controlled only by the magnitude of the shear
stress. Recent works suggest that twinning is largely influenced by the local stress
concentrations and the grain boundary defects in the case of polycrystalline Mg and
alloys [41, 42]. Yu et al. [43] reported twin nucleation stresses of ∼800 MPa for a
nanometer sized sample but suggested that these high stresses can be considered as
local or microscopic stresses. Although looking at the critical stresses for twinning
does not provide complete information about the conditions for twin nucleation, it is
often helpful to look at the reported critical stress values in comparison with those
reported for other mechanisms [2]. The lowest CRSS is for basal slip (∼ 0.5 MPa),
and this appears to be followed by the so-called CRSS for extension twinning (∼
2-5 MPa) [37, 44]. The reported values of CRSS for prismatic slip (∼ 10-45 MPa),
pyramidal 〈c + a〉 slip(∼ 35-80 MPa) and contraction twinning (∼ 30-100 MPa) are
higher (and also display significant ranges in value) [34,35,37,38,44]. The activation
of the 〈c + a〉 pyramidal slip system is difficult due to its high CRSS, but it has
been observed in some quasi-static studies [17,18,38,45–47]. Basal slip and extension
twinning are thus the mechanisms that are most easily activated in pure Mg when
deformed at low rates. The {101̄2}〈1̄011〉 extension twin system has been extensively
studied in the low strain rate regime over the last decade [1, 21, 22, 29, 30, 41, 48–51].
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Contraction twinning was observed in some c-axis compression studies in pure Mg
single crystals [34, 40], and some groups have presented observations of contraction
twins in polycrystalline Mg alloys [22, 25,52–54].
1.2.1 Factors affecting the deformation mechanisms
of magnesium
1.2.1.1 Effect of texture
Strong texture is developed in Mg and its alloys during thermomechanical pro-
cessing and has been attributed to the underlying anisotropic HCP crystal structure,
the very different CRSS for the various slip and twinning systems and the strong re-
orientation associated with the twinning. The texture of the material relative to the
principal loading directions has a significant influence on the deformation of Mg and
its alloys. A large anisotropy is observed in this material in mechanical properties
such as flow stress, elongation to failure, and strain hardening behavior [13, 50, 55].
Therefore, it is important to consider the effects of texture when studying the de-
formation of polycrystalline Mg and its alloys, as noted by previous low strain rate
studies [1, 21, 22, 29, 30, 48, 50]. A significant amount of work is being performed on
improving the performance of Mg alloys through better control over processing in-
duced textures [28, 56–58]. Extensive work has been performed on deformation of
materials such as rolled AZ31 magnesium alloy sheets under a range of deformation
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conditions. The strong basal texture induced by the rolling procedure results in strong
anisotropy in the material response when deformed in different directions [50,59,60].
When compressed in the sheet normal direction (ND), the yield strength of AZ31 was
observed to be higher than the yield strength under compression in the rolling and
transverse directions (RD, TD). The strain hardening behavior in these two cases was
also very different. These differences are attributed to the deformation mechanisms
active under these loadings. In the ND compression, pyramidal slip and contraction
twinning is the dominant deformation mechanism whereas under RD or TD compres-
sion, extension twinning is the dominant mode of deformation. The initial texture of
the material with respect to the loading direction controls the dominant deformation
mode in the early stages.
The overall material behavior is affected by the evolution of the dominant defor-
mation mechanisms. Yoo [15] analyzed the ductility of various HCP metals on the
basis of the observed deformation modes. He noted that HCP metals that deform
through extension and contraction twinning of multiple types exhibit extensive duc-
tility (e.g. Ti, Zr). Limited ductility is observed in materials that exhibit only one
main type of twin (e.g. Be, Zn). Mukai et al. [61] suggested that the ductility of
AZ31 Mg alloys can be improved by processing it by equal channel angular extrusion
(ECAE) as compared to direct extrusion. The grain size is similar in both cases and
this change in ductility is mainly caused by the difference in the textures induced by
the processing. Enhancement in ductility is also observed upon addition of rare earth
7
CHAPTER 1. INTRODUCTION
elements such as yttrium and cerium to extruded magnesium [62, 63]. The increase
in ductility in this case is also tied to the difference in the texture due to the addition
of yttrium and cerium.
1.2.1.2 Effect of grain size
Grain size also has an effect on the dominant deformation mechanisms in magne-
sium. The effect of grain size on twinning in an Mg alloy was studied by Barnett et
al. [20]. The propensity to twin was observed to decrease with reduction in grain size.
Jain et al. [64] also observed the amount of twinning to increase with increasing grain
size in a rolled AZ31B sheet. It is expected that there exist critical grain sizes that
mark the transition from twinning to slip in magnesium and this transition is likely
to be dependent on the texture of the material and the loading conditions [20]. The
analysis of the effects of grain size on the dynamic behavior of magnesium is outside
the scope of this work. Here, we focus on an extruded magnesium material with an
average grain size of ∼20 µm.
1.2.1.3 Effect of strain rate
In order to successfully use magnesium and its alloys in applications involving dy-
namic loading, their performance under such conditions must be evaluated. Dynamic
loading can induce complex deformation mechanisms in materials which might not be
activated under quasi-static loading conditions [65]. In many cases, FCC and BCC
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materials that do not deform by twinning under quasi-static loading are observed to
deform extensively by twinning under dynamic loadings such as shock or very high
strain rate deformation [66].
In the recent years, some studies have investigated the high strain rate behavior
of Mg alloys [55, 59, 60, 67–72]. Ulacia et al. [59] observed that in AZ31, extension
twinning remains the predominant mechanism at high rates and temperatures for
loading geometries favoring this mechanism (as it does in the low strain rate regime).
Tucker et al. [55] have also performed high strain rate tests on a rolled magnesium
alloy AZ31B and observed significant rate effects (increase with increasing rate) on
the compressive yield, strain hardening rate and ductility in the normal direction but
not in the transverse and rolling directions. Jiang et al. studied twinning in AM30
alloys at moderate temperatures (250 − 300C) over a small range of strain rates [73].
The flow stress was observed to decrease with increasing temperatures and decreas-
ing strain rates. Their observations indicate that the amount of twinning increases
significantly with strain rate and decreases with increasing temperatures. The ef-
fect of temperature was also analyzed by Barnett et al., who observed that twinning
dominated the flow at lower temperatures and slip dominated the flow at higher tem-
peratures [20]. In a recent study by Dudamell et al. [60] on AZ31, enhanced extension
twinning activity was observed at high strain rates. Similar observations of increase
in twin volume fraction at higher strain rates were reported by Li et al. [70] in an
ultrafinegrained ZK60 alloy. The increase in the twin density with increasing strain
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rates was also observed in other HCP metals (e.g. α-titanium by Chichili et al. [74]).
The review of the dynamic behavior of Mg and Mg alloys by Prasad et al. [72] sug-
gests that Mg alloys undergoing plastic deformation dominated by extension twinning
have relatively rate-insensitive strengths whereas those with dislocation activity as
the primary mechanism of plastic deformation exhibit some rate dependence of flow
stress. This suggests that high strain rate loading may have a strong influence on
some deformation mechanisms in Mg and alloys. In magnesium, multiple modes of
deformation are activated under many loading conditions. Dislocation slip is gener-
ally strain rate and temperature dependent. Some experimental observations indicate
that twinning in magnesium is enhanced at high strain rates and low temperatures.
The reason for this could be the difficulty to move dislocations at high strain rates
and low temperatures making deformation twinning the favored mechanism. Due
to the variation in the rate dependence of these modes, the overall response of the
material is expected to be influenced by the rate of loading to a degree that depends
upon the competition between the rate sensitivity of the active deformation modes.
Mg alloys have been the focus of the majority of prior studies, but the behavior
of pure magnesium remains less well characterized. It is important to characterize
the fundamental deformation mechanisms in pure Mg without the effects of solutes
or precipitates. The deformation of pure magnesium under plane-strain compression
was studied by a few researchers [13, 25, 28]. Their observations indicated significant
differences in the deformation processes when the material is under c-axis extension
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as compared to c-axis contraction. Also, suppression of a strong basal texture was
observed to impart ductility to pure Mg by Gehrmann et al. [28]. Although there have
been some studies on deformation of Mg alloys at high strain rates, a detailed study
of the deformation mechanisms in pure magnesium at high strain rates is yet to be
performed. Most of the high strain rate studies have been performed under uniaxial
stress conditions. A few recent studies have explored the behavior of magnesium alloys
under impact/shock loading [75–77]. Evidence of deformation twinning was observed
by Hazell et al. in the recovered Elekton 675 material after shock loading. A detailed
understanding of the deformation mechanisms in magnesium under complex stress
states induced by dynamic loading is still lacking.
Our understanding of plastic deformation of materials has improved significantly
due to the increasing sophistication of our experimental and computational tools. We
can now gain information about material deformation at length and time scales that
were previously not accessible. Advances in experimental characterization and ob-
servational techniques such as transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) can provide us information about defect structures at the
atomic and mesoscopic scales. The insight gained from the pre and post-deformation
analysis (of the mechanisms) using these tools in conjunction with experimental char-
acterization of materials enables us to improve our understanding of the overall mate-
rial behavior. This knowledge can be used to develop mechanism based constitutive
models that predict material behavior under various loading conditions. Such models
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are beneficial in evaluating material performance in cases such as dynamic loading in
extreme environments where experimental evaluation is costly and/or dangerous.
1.3 Organization of the thesis
The aim of this dissertation is to improve the understanding of the dynamic be-
havior of magnesium. We focus on exploring the relationship between the dominant
deformation mechanisms in this material and their effects on the material behavior.
The work is presented in 7 chapters. In Chapter 1, the background and motivation
behind this work is provided along with the discussion of the relevant studies till date
and their implications. The experimental techniques used to investigate the behavior
of this material are discussed in Chapter 2. The dynamic experimental techniques
such as Kolsky bars and Plate Impact are discussed in detail. In Chapter 3, the
microstructural evolution of pure magnesium when deformed under high strain rate
loading under Kolsky bars is discussed. The observed mechanical behavior (stress-
strain response and strain hardening) is related to the evolution of the underlying
deformation mechanisms. The development of a simple mechanism based constitu-
tive model is presented in Chapter 4. The model is applied to the deformation of
single crystal and polycrystalline magnesium and is able to capture the effect of the
dominant mechanisms. The dynamic deformation of polycrystalline magnesium under
uniaxial strain conditions under normal plate impact loading is discussed in Chapter
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5. The resulting microstructure is analyzed and compared with the observations of
the deformed microstructures under the Kolsky bar loading. Elastic-plastic simula-
tions (conducted in in Abaqus/Explicit) that probe the stress and strain evolution in
the normal plate impact experiments are also presented. The plate impact technique
is also used to perform experiments on pure single crystal magnesium and the findings
are presented in Chapter 6. The summary of the work presented in this thesis and




The experimental techniques and the sample preparation methods used in the
dissertation are explained in this chapter. Polycrystalline pure magnesium and single
crystal pure magnesium were the materials investigated in this work. The polycrys-
talline pure magnesium was purchased from GoodFellow in the form of an extruded
rod of 99.9% purity. The single crystal magnesium was purchased from Metal Crystals
and Oxides, Ltd. (Cambridge, UK) and was of 99.999% purity.
Electrical Discharge Machining (EDM) was used to cut the specimens for experi-
ments from the bulk material. A single pass in a wire EDM was used to cut specimens
for all experiments for both the polycrystalline as well as single crystal magnesium.
The sample preparation techniques are described below.
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2.1 Sample Preparation
2.1.1 Quasi-static and Kolsky bar compression ex-
periments
The quasi-static compression and Kolsky bar compression experiments were per-
formed on millimeter size cuboidal specimens of dimensions (6 mm x 3 mm x 3 mm)
and (3 mm x 4 mm x 4 mm) respectively. These specimens were mechanically pol-
ished prior to loading to remove any recast layer from the EDM. Loctite 46040 Instant
Adhesive was used to mount the specimens for polishing. This adhesive was chosen
since it does not require application of heat for mounting or dismounting the specimen
and can be dissolved quickly in acetone.
The loading faces of the specimens were polished using silicon carbide (SiC) paper
and water as lubricant to a final polish of 15 µm (1200 grit) or better on an Allied
Multiprep polishing machine.
2.1.2 Normal Plate Impact Experiments
The specimens for the normal plate impact experiments were cylindrical magne-
sium plates of 1 inch (or 25.4 mm) diameter and thickness in the range of 2 mm -
7mm. The specimens (target and flyer plates) were first lapped on a Lapmaster 15
lapping machine. A lapping slurry with 15 µm boron carbide abrasive and an oil
based lapping vehicle was used. Both the front and rear surfaces of the target and
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flyer plates were lapped. A total lapping time of 40 minutes on each side at 15 rpm
produced the desired flatness for the pure magnesium material.
The rear surface of the target plate was then polished to a mirror-like finish for
interferometry. This was achieved by mechanical polishing with SiC paper (15 µm)
and water followed by polishing with diamond pastes (9µm, 3µm, 1µm) and Green
Lube from Allied. The specimens were carefully cleaned in alcohol in an ultrasonic
cleaner after the lapping and polishing steps to remove any abrasives from the surfaces.
The flyer plate was glued to a thin piece of balsa wood which was glued on to
the front end of the projectile. The target plate was glued into a delrin holder along
with a copper wire which provided the ground for the tilt circuit. The target plate
had 4 through thickness holes along the circumference which are 900 apart. Insulated
copper pins were glued into these holes with epoxy for the measurement of the tilt.
The copper pins need to be flush with the impact surface of the target for the tilt
measurement to work correctly. After the epoxy was set, the excess material from the
copper pins was polished off such that the the pins were flush with the surface. The
schematic of the tilt circuit is shown in Fig 2.8. The final step was lapping the impact
surface of the target to ensure flatness. This was achieved by holding the target down
by hand on the lapping wheel for approximately 5 minutes. The surfaces are carefully
cleaned with acetone followed by ethanol to ensure and then air dried. The flatness
can be checked with respect to a reference optical flat under a monochromatic light
source. Flatness corresponding to two light rings or better is considered acceptable.
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2.1.3 Microstructural analysis
Microstructural analysis of the as-received and deformed materials was performed
using various techniques such as optical microscopy, X-Ray diffraction (XRD), Elec-
tron Back Scattered Diffraction (EBSD) inside a Scanning Electron Microscope (SEM)
and Transmission Electron Microscopy (TEM). The final steps of the specimen prepa-
ration methods were somewhat different for each of the techniques.
The specimens were first sectioned (if necessary) with a low speed diamond saw in
the case of polycrystalline magnesium and EDM in the case of single crystal magne-
sium. The specimens were then mechanically polished to remove any damage induced
by machining or sectioning. This was followed by mechanical polishing performed in
steps starting from a coarse (400 grit) SiC paper to a fine (1200 grit) SiC paper with
water as the lubricant.
The mechanically polished surface using SiC paper was sufficient for XRD pole
figure measurements since this technique is not very sensitive to the condition of the
surface.
For optical microscopy and EBSD, the SiC polishing was followed by polishing
with diamond pastes (9µm, 3µm, 1µm, 0.5µm) and Green Lube from Allied as the
lubricant. Chemical etching was then performed on the specimens for optical mi-
croscopy. The etchant used for pure magnesium was 10% nitric acid in distilled
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water. The material was exposed to the etchant for 20-30 seconds and immediately
rinsed in ethanol and air dried. The specimens for EBSD were polished electrochemi-
cally in a LectroPol-5 electropolisher. The electropolishing was performed with a 5%
nitric acid in methanol electrolyte at 00C and a voltage of 20V. The specimen was
immediately put into an evacuated container or transferred to the SEM to prevent
surface oxidation since this technique is very sensitive to the surface conditions.
The specimens for TEM were first polished down to a final thickness of 200µm.
A twin jet Tenupol-3 electropolisher was used to electropolish these specimens with
10% nitric acid and methanol solution at -400C using liquid nitrogen for cooling. The
specimens were then cleaned using low voltage ion milling with a low incidence angle
for 0.5h while being cooled by liquid nitrogen. The TEM observations were made at
an accelerating voltage of 120 kV using a Philips 420 microscope.
2.2 Quasi-static Testing
Quasi-static compression experiments were performed using an MTS servo-hydraulic
testing machine at the strain rate of 10−3s−1. Cuboidal specimens were tested in
compression under the displacement control mode. The ends of the specimens were
lubricated with a multipurpose synthetic grease (AMSOIL) so as to minimize friction.
The force-displacement data was collected using Station Manager, the MTS data col-
lection software. The engineering strain was calculated using the displacement data
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and the original sample length whereas the engineering stress was calculated using the
force data and the initial cross sectional area of the sample. This data was then used
to calculate the true stress-true strain response. The results from the quasi-static
tests are presented in Chapter 3.
2.3 Compression Kolsky Bar Experiments
The compression Kolsky bar (also known as the Split-Hopkinson Pressure Bar)
was used to study the behavior of magnesium at dynamic strain rates [3]. In this
technique, the specimen is sandwiched between two long high strength steel bars
called the input and output bars, which are designed to remain elastic throughout
the test. A compressive stress wave is generated by impacting one end of the input
bar with a projectile launched by a gas gun. This compressive wave travels down the
input bar to load the specimen. The impedance of the bars is higher than that of
the specimen by design. Therefore, several reverberations of the compressive stress
pulse occur in the specimen; some part is transmitted to the output bar and the
rest is reflected back into the input bar. Since the impedance of the bars is higher
than that of the specimen by design, the compressive stress pulse keeps loading the
specimen until substantial plastic flow of the specimen material has been achieved.
The stress in the specimen is then uniform and information about this equilibrated
stress state can be obtained from the signals from the strain gages mounted on the
input and output bars. The signals recorded by the strain gages are analyzed to
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obtain information about the strain, strain rate and the stresses in the specimen.
The wave propagation in the experiment is explained through the x-t diagram
shown in Figure 2.1 [3]. The dashed lines show the location of the strain gages. The
bars and the specimen are initially stationary. At time t=0, the projectile launched
by the gas gun impacts the input bar. A compressive stress pulse is generated in the
projectile and the input bar. The wave front is represented by a solid line of slope
equal to the reciprocal of the longitudinal wave speed in the bar. The longitudinal






where Eb is the elastic Young’s modulus and ρb is the density of the bar material.
The compressive stress wave is reflected as a tensile wave from the free surface at the
back of the projectile. The tensile wave acts as the unloading wave in the input bar





where L is the length of the projectile.
When the incident pulse reaches the input bar-specimen interface, a part of it
is transmitted into the specimen and the remainder is reflected back into the input
bar in tension. The compressive pulse in the specimen reaches the specimen-output
bar interface and a part of it is reflected back as a compressive pulse and the rest
is transmitted into the output bar. Several reverberations of this compressive pulse
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occur from the input bar-specimen interface and the specimen-output bar interface
thus increasing the compressive load experienced by the specimen. After several
reverberations, it can be assumed that the stress in the specimen is uniform (stress
equilibrium has been achieved) and this can be checked from the balance of forces at
the specimen/input bar and specimen/output bar interfaces [3].
Figure 2.1: Wave propagation in a Kolsky bar experiment [3]
One dimensional wave propagation is typically assumed and the method of char-
acteristics is used to relate the particle velocity and the strain in the pulses. Let εI ,
εT and εR be the strains in the incident, transmitted and reflected pulses respectively.
The particle velocity at the input bar-specimen interface by one-dimensional elas-
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tic wave propagation is given as
v1 = cb(εI − εR) (2.3)
At the specimen-output bar interface, the particle velocity is
v2 = cbεT (2.4)








(εI − εR − εT ) (2.5)
The elastic strains in the input, transmitted and reflected pulses are measured by
the strain gages located on the input and output bars. The stresses in the input and
output bars are then given as
si = Eb(εI + εR) (2.6)
and
so = EbεT (2.7)
The normal forces at the two interfaces can be calculated as
P1 = Eb(εI + εR)Ab (2.8)
and
P2 = Eb(εT )Ab (2.9)
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If the initial cross-section area of the specimen is As0, the mean nominal axial









(εI + εR + εT ) (2.10)
After the stress has been equilibrated, we have P1 = P2. Therefore, from equations
(2.8) and (2.9), we get
εI + εR = εT (2.11)
The above equations are used to obtain the nominal strain rate, strain and stress













The true strain, the true strain rate and the true stress in the specimen can be
obtained as given below.
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σs(t) = ss(t)[1− es(t)] (2.17)
where the compressive strain es is considered positive. The experiments to obtain
the high strain rate compressive behavior of pure magnesium were performed on
maraging steel input and output bars with a diameter of 9/32 in. (7.144mm). The
typical range of specimen aspect ratio (length/diameter) for Kolsky bar testing is 0.6
- 1. The dimensions of the specimens used here were 3mm x 4mm x 4mm. We also
kept track of the extrusion direction and radial directions on each specimen when
working with the extruded rod of commercially pure polycrystalline magnesium. A
momentum trap bar was also used to prevent reloading of the specimen due to the
wave reflected from the free end of the transmitted bar.
2.3.1 Kolsky Bar Experiments for Small Plastic
Strains
In order to achieve small plastic strains at high strain rates, we have also carried
out some controlled strain tests on the compression Kolsky bars with collars similar
to the work in Ref [78]. Collars are made of high strength material like tool steel
(typically the same material as the bars) and are designed to remain elastic while
the specimen undergoes plastic deformation. The length of these collars is shorter
than the specimen length and is designed to allow the specimen to achieve a specific
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strain. The schematic of this configuration is shown in Fig 2.2 below. The collar is
placed around the specimen such that it interfaces with the output bar but not the
input bar and also does not contact the specimen. During testing, the compressive
stress pulse propagates through the specimen and causes plastic deformation of the
specimen until the collar comes into contact with the input bar interface. The length
of the specimen after deformation is equal to the length of the collar. Note that
care must be taken to ensure that the lateral sides of the specimen do not come into
contact with the collar. If the lateral expansion of the specimen is restricted due to
the surrounding collar, the stress state will no longer be uniaxial and effects of lateral
confinement will have to be considered in the analysis.
Collars made out of high strength steel by EDM were used, with inner and outer
diameters of 6.5 mm and 12.6 mm respectively. Note that the outer diameter of the
collar is equal to the bar diameter. Collars of two different lengths (2.895 mm and
2.73 mm) were used to achieve final plastic strains of approximately 3.5% and 9%
at a strain rate of about 2x103s−1. The results from the Kolsky bar experiments are
presented in Chapter 3.
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Figure 2.2: Schematic of the controlled strain test setup using collars in the Kolsky
bar experiment. The final length of the specimen after deformation is equal to the
length of the collar
2.4 Plate Impact Experiments
The plate impact technique can be used to perform various types of experiments
- wave propagation type experiments to study interaction of waves with materials,
and pressure-shear plate impact experiments to study the behavior of materials under
very high strain rate loading. This work was focused on investigating the material
behavior under wave propagation induced by normal impact. In the normal impact
configuration, a cylindrical plate (the flyer) of a material is mounted on a projectile.
Another cylindrical plate (the target) is stationary and is situated inside a target
chamber which is evacuated during the experiment. The projectile carrying the flyer
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plate is launched with a velocity V by a gas gun and impacts the target plate. The
velocity range for the plate impact system used here is from tens of meters per second
to about 300 m/s.
In the normal impact configuration used here, the target and the flyer plates are
parallel to each other and therefore, upon impact, uniaxial strain compressive waves
are propagated in both plates. The velocity of the wavefront is a characteristic of the






where λ and µ are the Lame′ constants and ρ is the density. The x-t diagram in
the case of purely elastic wave propagation is shown in Fig 2.3. Lines Ot1 and Ot
′
1
represent the compressive wavefronts and lines t1A and t
′
1A represent the tensile wave-
fronts. The flyer and target plates are both made of the same material (Magnesium)
and are designed to have the same thickness. The rear surface of the target is stress
free and thus the longitudinal compressive wave is reflected as a tensile wave from
it. This also is the case for the back surface of the flyer which is backed by balsa
wood with a very low impedance. These reflected waves from the target and flyer
rear surfaces arrive at the impact face at approximately the same time by design.
The interface between the target and the flyer cannot support tension and therefore
separates thus ending the window of interest for the experiment.
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Figure 2.3: Schematic of the normal plate impact recovery setup
The stress generated due to the impact can be estimated using the method of
characteristics from the equations below for the case of purely elastic wave propaga-
tion.
σ ± ρcelv = constant (2.19)
For the case of symmetric impact, as shown in Fig 2.3 the stress in the region




1A in the flyer is given





where ρ is the density of the material, cel is the longitudinal elastic wave speed
and v is the impact velocity. In the case of elastic-plastic wave propagation, a more
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complex analysis is needed to probe the stress state.
We are interested in the case where the loading causes inelastic deformation of
the material. If the impact velocity is greater than the velocity needed to cause yield
of the material, the wavefront will decompose into elastic and plastic waves. The
elastic wave propagates at a higher wave speed which is the characteristic wave speed
(such as cel) in the material. If the impact velocity is significantly high, shocks will
be generated in the material. The impact velocities in our experiments are in the
domain of elastic-plastic wave propagation and shocks are typically not generated.
The thickness of the plates is small (in the range of 2 mm - 7 mm) in relation to the
diameter (25.4 mm). Therefore, the state of strain can be considered to be uniaxial at
the point of interest until the unloading waves arrive from the peripheries. The state
of uniaxial strain in the experiment is maintained at the center of the plates only for a
finite time. The arrival of release waves from the boundary of the plates at the point
of interest ends the uniaxial strain state. The diagnostics in the experiment consist
of measuring (i) the velocity of the projectile prior to impact, (ii) the misalignment
between the impact faces (known as tilt) and (iii) the particle velocity history at the
rear surface of the target plate.
2.4.1 Normal Plate Impact Recovery Experiment
In order to study the effect of the wave propagation caused by the dynamic loading
on the microstructure of the material, we need to investigate the mechanical response
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of the material as well as the microstucture of the deformed material. Therefore, we
need to be able to recover the material after the loading is complete. It is difficult to
avoid material deformations after the data collection ends in dynamic experiments. In
order to avoid deformation of the material beyond the known loading, a high amount
of energy (e.g. kinetic energy of the projectile) needs to be dissipated quickly. This is
typically achieved by ramming the projectile into a catching device containing energy
absorbing materials/mechanisms in non-recovery type plate impact experiments.
The plate impact recovery setup used here was designed by Jia and Ramesh [79]
and a schematic is shown in Fig 2.4. In the recovery configuration, the flyer backed
by balsa wood is glued to the extended front end of the projectile that fits into the
PVC tubing. The projectile front end for recovery has a flat shoulder machined on
it which comes into contact with the stopper just after the impact. The stopper is
designed to absorb the kinetic energy of the entire projectile and reduce the projectile
velocity to zero. The details of the structure of the stopper assembly can be found in
Jia et. al. [79]. The target plate is held separately in a target holder that allows for
the initial alignment of the target and flyer impact faces.
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Figure 2.4: Schematic of the normal plate impact recovery setup
The projectile velocity is measured just before impact with a laser line velocity
measurement system The particle velocity at the rear surface of the target plate is
measured using a normal displacement interferometer (NDI) and the misalignment
between the impact faces is measured using a tilt circuit as described below.
2.4.2 Projectile Velocity
A laser line velocity measurement system originally designed by Ramesh and
Kelkar [80] is used to measure the velocity of the projectile just before impact. A
schematic of the system is shown in Fig 2.5. A laser sheet is genereated using a diode
laser and optics on one side of the target chamber. A photodiode is mounted across
the target chamber which monitors the intensity of the laser sheet. As the projectile
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intersects the laser sheet, it obstructs part of it from reaching the photodiode thus
reducing the intensity measured by the photodiode. When the laser sheet is com-
pletely obstructed, the intensity measured by the photodiode drops to zero. The time
(t) needed to completely obstruct the laser sheet of known length (L) enables us to
calculate the velocity of the projectile as vprojectile =
L
t
. An example of the signal from
the laser line velocity system measured during a plate impact experiment is shown in
Fig 2.6.
Figure 2.5: Schematic of the laser line projectile velocity measurement system [4]
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Figure 2.6: An example of the laser line velocity signal measured during a plate
impact experiment
2.4.3 Tilt measurement
In the plate impact experiments it is very important to minimize the misalignment
between the impact faces to ensure planar wave propagation. The impact faces of the
flyer and target plates are aligned using an autocollimator technique first developed
by Kumar and Clifton [81]. In this technique, mirrors are mounted on the impact
faces of the target and the flyer plates. A partially mirrored prism is used to align
the impact faces of the flyer and the target plates. A detailed description of the
procedure can be found in Ref [81]. A schematic of the setup for the alignment is
shown in Fig 2.7. Even after aligning the impact faces well, there is typically some
misalignment that occurs during the experiment and it is important to measure this
misalignment or tilt.
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Figure 2.7: Auto-collimator setup used for the alignment of the impact surfaces [4]
A tilt circuit is used to measure the misalignment between the impact faces of the
flyer and the target. The tilt circuit consists of four insulated copper pins embedded
inside the target as shown in Figure 2.8 which are biased with a voltage. The target
plate is connected to the tilt circuit via a ground wire. Upon impact, the circuit for
each of the pins closes when the pin makes contact with the flyer plate. The voltage
versus time data is recorded as shown in the figure.
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Figure 2.8: Tilt Circuit
The maximum tilt angle can be calculated using the following formula.
sinθ ≈ θ = v∆tmax
d
(2.21)
where ∆tmax is the maximum time between the closure of two pins, v is the impact
velocity and d is the diameter of the plates.
A tilt of <2 milliradian is considered acceptable for the plate impact experiments.
For the example shown in Figure 2.9, ∆tmax = 0.3 µs, d = 25.4 mm and v = 60 m/s
giving θ = 0.7 milliradians.
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Figure 2.9: An example of the tilt signals measured by the tilt circuit for a normal
plate impact experiment
2.4.4 Interferometry
The measurement of the normal particle displacement at a point on the rear
surface of the target is achieved by setting up a normal displacement interferom-
eter (NDI) also known as Michelson interferometer. The laser used is a Genesis
CX532 high power optically pumped semiconductor laser with a wavelength of 532
nm (green). The interferometric setup is shown in Figure 2.10.
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Figure 2.10: Schematic of the normal displacement interferometry (NDI) setup
The collimated beam generated by the laser is directed by the mirror M1 to the
beamsplitter BS1 where it is split into two parts. The reference beam travels to the
beamsplitter BS2 whereas the remaining part - (the test beam) travels to the rear
surface of the target though a lens mounted on the target chamber and the mirror M2.
The mirror M2 is a disposable mirror situated inside the target chamber. The test
beam is reflected off the target rear surface (which has a mirror-like finish) and travels
back through the lens on to the mirror M3. The test beam is then directed towards
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the beamsplitter BS2 by the mirror M4 where it interferes with the reference beam.
The resultant beams are interrogated by the two photodiodes. The interference of
these beams results in the maxima/minima in the intensity when they are in/out of
phase. The intensity of the combined beam will vary as a result of the motion of
the target. The two photodiodes are used to record this intensity variation and the
optical path of the reultant beams are such that the resulting signal measured by
the photodiodes should be 1800 out of phase with each other. The displacement vs.
time history is obtained and the normal free surface velocity can be calculated by
differentiation of the data.
2.4.4.1 Data Reduction
Three different oscilloscopes are used to record the data from the three diagnos-
tic systems - the laser line velocity measurement, the tilt circuit and the NDI. The
oscilloscopes used to record the later two are controlled through a Labview program
whereas the oscilloscope for the laser line velocity measurement is operated indepen-
dently. The specifications for the oscilloscopes used are given in the table below. The
oscilloscopes recording the tilt and the NDI signals are triggered by a signal from the
tilt circuit when a tilt pin makes contact with the flyer closing its circuit.
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Measurement Oscilloscope Bandwidth Sampling Rate
Tilt circuit Tektronix TDS 684B 1 GHz 5 GS/s
Laser line velocity Tektronix DPO 3014 100 MHz 2.5 GS/s
Interferometry Tektronix DPO 4104 1 GHz 5 GS/s
The signals measured by the photodiodes in the NDI are in the form of a voltage
history as shown in Fig 2.11. The two channels represent the measurements from
the two photodiodes which are 1800 out of phase. The zoomed in view of the data
recorded by one of the photodiodes is shown in Fig 2.12. A 2π phase variation in
the intensity profile is termed as a fringe. A displacement of λ/2 corresponds to a 2π
phase variation in the intensity. The intensity vs. time data from the photodiodes
is then processed using a MATLAB script which counts the number of fringes as a
function of time.
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Figure 2.11: Signals measured by the photodiodes from the Normal Displacement
Interferometer (NDI)
Figure 2.12: Zoomed in view of the intensity vs. time profile measured from the NDI
(Channel 2) in Fig 2.11. Each half fringe is marked by the red crosses
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The displacement of the rear surface can be related to the intensity variation




λF (t) = 266F (t) (2.22)
where s(t) is the rear surface displacement as a function of time and F(t) is the
fringe count. In order to obtain better resolution of the calculated displacement from
the data, every half fringe can be counted and the modified form of the above equation




. The red crosses in Fig 2.12
represent each half fringe.
Figure 2.13: Displacement history at the free surface of the target plate as calculated
from the NDI signals
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Figure 2.14: Particle velocity history at the free surface of the target plate as calcu-
lated from the NDI signals
The displacement history of the target rear surface is calculated from the above
data is shown in Fig 2.13. The rear surface velocity history at the target rear surface is
then obtained from numerical differentiation of the data. A 5 point central difference
scheme is used to numerically differentiate the displacement time history in order to
obtain the velocity history shown below (Fig 2.14). The raw data is collected through
a Labview program and saved on a the local hard drive of the computer. It is then
archived in an experimental database.
The techniques described in this chapter are used to conduct experiments on
polycrystalline and single crystal magnesium. The results from the quasi-static and
Kolsky bar experiments are presented in Chapter 3. The results of normal plate
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impact experiments on polycrystalline magnesium are discussed in Chapter 5 and
those from the impact of single crystal magnesium are presented in Chapter 6. We
discuss the behavior of extruded magnesium under high strain rate loading and its
microstructural evolution in the next chapter (Chapter 3).
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Chapter 3
Microstructural evolution of pure
magnesium under high strain rate
loading
3.1 Introduction
The behavior of magnesium and its alloys is sensitive to the initial texture and
its evolution during deformation due to the activation, evolution and interaction of
various deformation mechanisms. It is important to understand the fundamental
deformation mechanisms active during dynamic deformation in order to successfully
use these materials in the applications of interest such as automotive and aerospace
components, armor etc. To this purpose, an experimental study of the fundamen-
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tal deformation modes in pure magnesium is performed. Quasi-static compression
experiments are first performed on pure magnesium in the extrusion direction (ED)
in order to establish a baseline for the material response. This is followed by high
strain rate compression experiments and investigation of the microstructural evolu-
tion through transmission electron microscopy (TEM) and electron back scattered
diffraction (EBSD) analyses. In order to investigate the evolution of the microstruc-
ture with deformation, controlled strain tests have also been performed under high
strain rate loading. The microstuctural evolution (of texture, twins and dislocations)
is then used to explain the observed mechanical behavior of the material.
3.2 Experiments
3.2.1 Initial texture
A hot-extruded Mg rod of commercial purity (99.9%) was used in this study.
The microstructure of the material consists of equiaxed grains with an average grain
size of about 20µm. The initial texture of the material was analyzed using X-ray
diffraction (XRD) in the extrusion direction (ED) and is shown in Fig 3.1. The
initial microstructure was found to be typical for an extruded HCP material with a
random in plane orientation spread of the basal (0001) poles perpendicular to the
ED [49]. The spread of the basal poles in the radial direction (RD) was observed to
be quite uniform.
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Figure 3.1: (0001) pole figure of the as-received material in the ED as measured by
XRD
3.2.2 Quasi-static and high strain rate experiments
Uniaxial compression experiments at quasi-static and high strain rates were per-
formed on extruded pure magnesium. The quasi-static tests were performed using a
servohydraulic machine whereas the high strain rate/dynamic experiments were per-
formed using a conventional Kolsky bar (also known as a Split-Hopkinson pressure
bar).
The nature of dynamic compression tests involving Kolsky bars is such that the
total strain imposed is dictated by the strain rate and duration of loading and the
tests typically lead to large strains (> 0.1). In order to analyze the microstructural
evolution of the material under high strain rate loading, we need to recover specimens
deformed to various strains at high rates of loading. Smaller strains were achieved
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by using collars of hardened steel surrounding the magnesium sample during testing
similar to the work in Ref [78]. These controlled dynamic strain tests were carried
out at a strain rate of about 2x103s−1 and plastic strains of approximately 3.5%
and 9% were achieved. These values were chosen since at ∼ 3.5% strain, the plastic
deformation is in the initial stages and the strain hardening rate is rising rapidly while
at ∼ 9% strain, the strain hardening rate is at its maximum value. Microstructural
investigation at these strains enables us to gain an understanding of the deformation
processes responsible for the observed mechanical behavior.
3.2.3 Microstuctural analysis using EBSD and TEM
The microstructure of the material was examined before and after testing using
EBSD and TEM. Detailed microstuctural analysis at intermediate strains was per-
formed for samples deformed under high strain rate loading. The samples for EBSD
and TEM analyses were prepared by carefully sectioning tested and untested spec-
imens with a low speed diamond saw. These specimens were then mounted and
mechanically polished down to about 200µm thickness by a series of sand papers
down to 1200 grit. A Tenupol-3 electropolisher was used to electropolish these spec-
imens with 10% nitric acid and methanol solution at -400C using liquid nitrogen for
cooling. Low incidence angle, low voltage ion milling was then used for 0.5 h to clean
the samples while being cooled by liquid nitrogen. A Philips 420 microscope was
used to make the TEM observations at an accelerating voltage of 120 kV. The EBSD
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data was collected by an EDAX system mounted on a Hitachi 4700 FE scanning
electron microscope and analyzed using TSL-OIM software. The step sizes used for
data collection were in the range of 0.3 µm - 0.5 µm.
3.3 Results
3.3.1 Mechanical behavior under quasi-static and
high strain rate loading
Quasi-static compression experiments were performed at strain rates of the order
of 1x10−3s−1. The true stress-true strain behavior in the extrusion direction (ED) is
shown in Fig 3.2. The yield stress was found to be about 65 MPa and a peak stress
of about 260 MPa was observed at a strain of about 0.15. The flow stress is observed
to increase with increasing strain. The material did not fail under this loading until
a strain of ∼0.16 after which it was unloaded.
High strain rate compression experiments were performed at room temperature
in the ED. The material was tested at strain rates of approximately 2x103s−1 and
4x103s−1 and the response was found to be very similar at these rates as seen in
Fig 3.3a. The stress-strain data from a 2x103s−1 test is presented in Fig 3.3b as a
representative case (solid blue line). Note that these Kolsky bar experiments do not
accurately capture the elastic response, but the apparent yield stress under dynamic
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Figure 3.2: True stress - true strain response under quasi-static compression in the
ED at strain rates of 1x10−3s−1
compression of 2x103s−1 was found to be about 65 MPa (at a true strain of 0.002), and
was similar in the 4x103s−1 tests. After an initial nearly perfectly plastic response,
the flow stress was observed to increase with increasing strain to a value of ∼315
MPa at a true strain of 0.15 (Fig 3.3b). Unloading of the sample began at a strain
of approximately 0.15 and the material did not fail under this 2x103s−1 loading. The
sigmoidal shape of the true stress-true strain curve observed for both the quasi-static
and dynamic cases is typical of textured Mg and its alloys under twinning dominated
deformation [21, 50, 59]. The significant amount of strain hardening in the material
can be noted from the true stress - true strain curve.
The true strain hardening rate (defined here as the rate of change of true stress as
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a function of true strain, dσ/dε) under high strain rate loading of 2x103s−1 for this
material is also presented in Fig 3.3b as the green dashed line. Only the stress-strain
data in the clearly plastic regime were considered for this calculation. The true strain
hardening rate was calculated by the numerical differentiation of the true stress data
with respect to the true strain data. The true strain hardening rate increases sharply
with strain during the early stages of deformation. It reaches a maximum value at a
strain of about 9%, and then decreases.
In order to understand the microstructural evolution of this material under dy-
namic loading, the samples deformed to plastic strains of approximately 3.5% and
9% were analyzed using EBSD (for the evolution of texture and twins) and TEM (for
the evolution of dislocations and twins).
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(a)
(b)
Figure 3.3: (a) True stress - true strain response under dynamic compression in the
ED at strain rates of 2x103s−1 and 4x103s−1 (b) A representative stress-strain curve
(solid blue line) is shown. The true strain hardening rate as a function of true strain
is shown by the green dashed line. Markers represent the values of intermediate strain
at which the tests were stopped for microstuctural analysis
51
CHAPTER 3. MICROSTRUCTURAL EVOLUTION OF PURE MAGNESIUM
UNDER HIGH STRAIN RATE LOADING
Figure 3.4: Comparison of the true stress - true strain response under compression
in the ED at quasi-static and dynamic strain rates
A comparison of the response of the material under quasi-static and dynamic
loading is shown in Fig 3.4. The flow stress at yield is observed to be very similar
for the 10−3s−1 loading and 103s−1 loading. Therefore, the flow stress at yield for
the extruded material when compressed in the ED is not sensitive to the strain rate.
There are significant differences in the strain hardening behavior with the degree of
strain hardening being much higher under the dynamic loading. Therefore, the strain
hardening behavior in ED compression is strain rate sensitive. This indicates that
some of the the deformation mechanisms active under ED compression are sensitive to
the rate of loading. Therefore, we expect to observe differences in the microstructural
evolution at different rates of loading. Although the comparison of the microstructural
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evolution under quasi-static loading with the evolution under dynamic loading is of
interest, in this work, only the microstructural evolution under the high strain rate
loading is analyzed.
3.3.2 Texture Evolution
The initial texture of the material was analyzed using EBSD. The inverse pole
figures and the (0001) pole figures at the different values of strain allow us to visualize
the overall change in the texture.
Fig 3.5(a,b,c) shows the EBSD inverse pole figures (or the out-of-plane crystal
orientation maps) of the as-received material in the ED. These inverse pole figures
are measured in the ED in different regions of the as-received material. The starting
microstructure is essentially twin free and most grains are oriented with their c-axes
in a radial direction (RD) that is perpendicular to the ED. Fig 3.5(d,e,f) shows the
pole figure for the as-received material that corresponds to the inverse pole figures
in Fig 3.5(a,b,c) in which the maximum intensity of the basal poles is in the RD,
typical for extruded Mg and its alloys [49]. There are local variations in the in-
plane orientations of grains that can be observed from the clustering of the (0001)
poles in different regions around the circumference in the three scans. As the EBSD
measurements are typically performed over small regions and the extruded material
has a weaker texture as compared to the rolled material, we expect to see these
variations in the measurements. The effect of these local variations averages out
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when the measurement is performed over a large enough area as in the XRD pole
figure measurement in Fig 3.1 showing a random spread of basal poles in the RD.
Figure 3.5: EBSD inverse pole figure (or out-of-plane crystal orientation) maps in
the ED of as-received samples are shown in Fig 3.5 (a,b,c). The (0001) pole figures
calculated from the EBSD data for the regions shown in Fig 3.5 (a,b,c) are presented
in Fig 3.5 (d,e,f) respectively
Fig 3.6(a,b,c) shows that in the samples deformed at the strain rate of 2x103s−1,
to a plastic strain of about 3.5% a large number of twins are present in the microstruc-
ture. These twins are extension twins as can be understood from the misorientation
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angle distributions discussed in the later sections. The (0001) pole figures show the
appearance of the basal pole intensity away from the RD which indicates a change in
the overall texture due to formation of extension twins. It can be seen from Fig 3.6(a)
that in some grains, the basal poles of the twinned regions are reoriented to a differ-
ent RD direction and not in the ED although the orientation of the twinned region
is ∼ 900 away from the orientation of the parent. This can also be observed by the
appearance of high intensity of basal poles in RDs that are ∼ 900 apart in Fig 3.6(d).
Many of the twinned regions are reoriented such that their basal poles are now towards
the ED as seen in Fig 3.6(e,f).
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Figure 3.6: EBSD inverse pole figure maps in the ED of the samples deformed to 3.5%
strain under high rate loading are shown in Fig 3.6(a,b,c). The (0001) pole figures
calculated from the EBSD data for the regions shown in Fig 3.6(a,b,c) are presented
in Fig 3.6(d,e,f) respectively
By about 9% strain, the entire microstructure is almost entirely twinned (Fig 3.7(a,b)).
The extension twins have grown and consumed entire grains in many cases and thus
very few grains are now present with their original orientation. The large change in
the overall texture of the material due to twinning is indicated by the strong intensity
of the (0001) pole in the ED in Fig 3.7(c,d).
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Figure 3.7: EBSD inverse pole figure maps in the ED of the samples deformed to
9% strain under high rate loading are shown in Fig 3.7(a,b). The (0001) pole figures
calculated from the EBSD data for the regions shown in Fig 3.7(a,b) are presented
in Fig 3.7(c,d) respectively
At the beginning of the deformation, the c-axes in most of the grains are oriented∼
900 away from the ED. At a strain of 3.5%, due to the formation of numerous extension
twins, c-axes in the twinned region of many grains have now been reoriented by ∼ 860
with respect to the orientation of the parent grain. At a strain of approximately
9%, many of the grains have completely twinned and therefore now have their c-
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axes oriented along the ED which is ∼ 900 away from their original orientation.
Previous studies in the literature on Mg alloys indicate similar behavior. Knezevic
et al. [50] observed that extension twins completely consume grains reorienting them
when a rolled AZ31 sheet is loaded in the orientation in which extension twinning is
the preferred mechanism. Dudamell et al. [60] observed that in rolled AZ31 under
dynamic loading, about 98% of the material is twinned at a strain of 10% when
compressed in the sheet rolling direction. They also observed enhanced extension
twinning activity at high rates of loading.
3.3.3 Evolution of dislocation substructure
The as-received material was examined by transmission electron microscopy (TEM)
in order to understand the pre-existing dislocation structure in the material. The mi-
crostructure of the as-received material is shown in Fig 3.8. Fig 3.8a and 3.8b were
taken in the same area but different diffraction spots were excited to reveal the 〈a〉 and
〈c〉 components of dislocations respectively. The g ·b = 0 invisibility criterion is used
for this purpose. For the 〈0002〉 reflection, all the 〈a〉 type dislocations will lose their
contrast and for the 〈21̄1̄0〉 reflection, all the 〈c〉 type dislocations are extinguished.
A 〈c+ a〉 dislocation cannot be extinguished by either of the 〈0002〉 or 〈21̄1̄0〉 reflec-
tions. A network of pure 〈a〉 dislocations with mainly edge component (referred to as
background dislocations) is seen in Fig 3.8a. This network is most likely a result of
the extrusion process. There are a few straight dislocations (highlighted by the white
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(a) (b)
Figure 3.8: Dislocations in the as-received material. The diffraction conditions were
chosen to display (a) Dislocations with 〈a〉 component Burgers vector and (b) Dislo-
cations with 〈c〉 component Burgers vector
ovals in the figure) that are parallel to a 〈21̄1̄0〉 direction, which are likely to be 〈a〉
type screw dislocations. Fig 3.8b shows that there are very few 〈c〉 type dislocations.
Dislocations of 〈c + a〉 type were also rarely seen in this microstructure. The one
shown in the figure (marked by the white arrow) is essentially used as a marker for
the two images and is a 〈c+ a〉 type dislocation as it is not extinguished for either of
the reflections.
The microstructure of the material dynamically deformed to a plastic strain of
3.5% (Fig 3.9) contains numerous twins. We examined the parent region (Fig 3.9a, 3.9b)
as well as the twinned region (Fig 3.9c, 3.9d) in order to analyze the differences in
dislocation activity between twins and parents. The dislocation microstructure in the
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twinned region is vastly different than in the parent region. The background disloca-
tions (the network of pure 〈a〉 dislocations with mainly edge component) still persist
in the parent region as seen in Fig 3.9a. A number of long straight 〈a〉 dislocations are
also observed (e.g. one is marked by the white oval) in Fig 3.9a but not in Fig 3.9b.
The parent region remains mostly free of 〈c+ a〉 dislocations.
In contrast to what was observed in the parent region, numerous straight 〈c+ a〉
dislocations are present in the twinned region and are visible in Fig( 3.9c, 3.9d). Since
the twinned region is now oriented for compression along the c-axis, 〈c+a〉 pyramidal
slip is a likely mechanism of plastic deformation. Many of these dislocations are
parallel to the basal planes as seen in Fig 3.9c, 3.9d. Some curved 〈c+a〉 dislocations
like the ones marked by the white arrows do not lie parallel to the basal planes.
The twinned region also contains the background 〈a〉 dislocations. Although these
dislocations look similar to the ones in the as-received material, they are caused by
the deformation. The twinned regions will have a range of orientations with respect
to the loading direction such that basal slip can be activated in many of them due to
its low CRSS .
By about 9% strain (Fig 3.10), most grains have been consumed by twins and
thus reoriented. Therefore, we only imaged the twinned region in these samples.
The diffraction analysis showed that these dislocations contained both 〈a〉 and 〈c〉
components. Numerous long straight dislocations with some kinks are observed in
both Fig 3.10a and Fig 3.10b. These images (Fig 3.10) indicate a change in the
60
CHAPTER 3. MICROSTRUCTURAL EVOLUTION OF PURE MAGNESIUM
UNDER HIGH STRAIN RATE LOADING
(a) (b)
(c) (d)
Figure 3.9: Dislocations in specimens deformed to strains of 3.5%. The diffraction
conditions were chosen to display (a) 〈a〉 components in the parent region (b) 〈c〉
components in the parent region, (c) 〈a〉 components in the twinned region and (d)
〈c〉 components in the twinned region
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(a) (b)
Figure 3.10: Dislocations in the specimens deformed to strains of 9%. The dislocations
are of 〈c+ a〉 type
dislocation structure as compared to the dislocation structure at 3.5% strain in the
twinned region. At 3.5% strain, most of the 〈c + a〉 dislocations were parallel to the
basal planes (Fig 3.9c, 3.9d) whereas at 9% many of these dislocations had kinks
(Fig 3.10a). Some of the 〈c + a〉 dislocations at 9% strain were curved and did not
lie parallel to the basal planes (Fig 3.10b). These kinked dislocation segments were
observed to be the dominant feature in the microstructure.
The dislocation densities in the deformed samples were also measured in the TEM
images. The projected length (`p) of dislocation lines in the images were measured
using the image analysis software ImageJ. The dislocation density was then calculated
using the formula ρ = `/(At) where ` = 4`p/π [82]. The thickness of the foil, t, was
assumed to be 100 nm. The 〈a〉 dislocations are in the form of a network making
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the measurement of the dislocation density very difficult. Hence, we focused on the
measurement of the density of 〈c + a〉 dislocations as this has been suggested to
be the reason for the high degree of strain hardening [38]. The 〈c + a〉 dislocation
density in the sample strained to 3.5% was measured to be (3.0 ± 0.11) × 1013m−2
(this is the average of the measurements in both the parent and twinned regions) and
that measured in the sample deformed to 9% strain was (1.0 ± 0.04) × 1014m−2. It
was difficult to measure the density of 〈c+ a〉 dislocations in the as-received material
since they were very few in number and their estimated dislocation density was several
orders of magnitude smaller than the dislocation densities at 3.5% strain.
3.4 Discussion
3.4.1 Microstructural Evolution
In order to gain a better understanding of the changes in the texture of the ma-
terial during deformation, the point-to-point misorientation angle distributions were
measured at intermediate strains and are shown in Fig 3.11(a, b, c) for the as-received,
3.5% and 9% strain samples. Here, misorientation is defined as the rotation required
to bring crystal orientations corresponding to two pixels into coincidence based on
a fixed reference frame. The starting microstructure of this as-extruded material
(Fig 3.11a) contains a misorientation angle distribution similar to the misorientation
angle distribution of the as-rolled AZ31 material reported by Hong et al. [1]. At 3.5%
63
CHAPTER 3. MICROSTRUCTURAL EVOLUTION OF PURE MAGNESIUM
UNDER HIGH STRAIN RATE LOADING
strain (Fig 3.11b), the misorientation distribution is dominated by a strong peak at
850 − 900, which corresponds to the numerous extension twin boundaries present in
the microstructure (the reorientation angle associated with extension twins in mag-
nesium is ∼ 860). Many grains at 3.5% strain contain two or more twins. Many of
these twins are from the same variant pair which is discussed in detail later.
At 9% strain the twin growth and coalescence process is almost complete. This
is evident from the reduction in the peak of 850 − 900 observed in Fig 3.11b. The
microstructure consists of many low angle boundaries (<100) as seen in Fig 3.11c.
Additionally, a modest rise in the misorientation angle in the range of 500 − 600 is
also observed.
The coalescence of two twins may lead to different boundary misorientations de-
pending upon the types of twin variants. There are six extension twin variants (or
three twin variant pairs) in Mg. As pointed out in previous works, for extension twins
in Mg, the misorientation relationship between identical twin variants is 00, between
twins from the same variant pair is 7.40 and between twins from different variant pairs
is 600 and 60.40 [1, 25]. Here, only the data above misorientation angles of 50 were
considered since the confidence in the data below this value is low. The strong peak
for the low misorientation angles (<100) indicates that in many cases, twins from
the same variant pair were activated in a grain. Twins from different twin variant
pairs were formed in some grains and are believed to be the origin of the 500 − 600
misorientation.
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(a) (b)
(c)
Figure 3.11: Point-to-point misorientation angle distributions calculated from EBSD
in the ED of samples deformed at high strain rates upto the strain of (a) 0%, (b)
3.5% and (c) 9%
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(a) (b)
Figure 3.12: (a) EBSD IPF of sample deformed upto 3.5% strain showing twin vari-
ants (b) Point-to-point misorientation (red dashed line) and point-to-origin misori-
entation (blue line) along line L1 and line L2. Lines L1 and L3-L11 represent twins
from the same variant pair. Lines L2 and L12 represent twins from different variant
pairs
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The strain path dependence of extension twinning in AZ31 alloy was studied
by Hong et al. [83]. Their observations indicate that for a rolled material with a
strong basal texture, tension directly applied along the crystallographic c-axis, by
applying tension along the sheet normal direction, leads to nucleation of different twin
variants. When tension was imposed on the c-axis indirectly by applying compression
in the sheet rolling direction (900 from c-axis), only one twin variant was nucleated.
The selection of which twin variant is activated during deformation is believed to
depend to some extent on the respective Schmid factors [49]. Beyerlein et al. [41,42]
suggested that the twin nucleation is heavily influenced by the grain boundary defects
and the local stress state. Therefore, the orientation of each grain with respect to
the loading axis along with the local stress state should dictate if one or more of
these twin variants are activated during deformation. These twin variants have fixed
misorientation relationships with each other and examination of the misorientation
angle distributions can help us see which twin variants were active during deformation.
The loading in this work is similar to the compression in the rolling direction in
Hong’s work (indirect tension imposed on the c-axes by applying compression in a
perpendicular direction) and therefore we may expect that only one twin variant pair
will be nucleated in most of the grains. Note that the texture of the material in this
case is weaker (extrusion) than the strongly textured rolled material in Hong’s work.
This will have an effect on the types of twin variants that are nucleated depending
on the grain orientation and the local stress state. The twin variant relationship at
67
CHAPTER 3. MICROSTRUCTURAL EVOLUTION OF PURE MAGNESIUM
UNDER HIGH STRAIN RATE LOADING
3.5% strain is shown for a few grains in Fig 3.12. Fig 3.12b shows the point-to-point
misorientation (red dashed line) and point-to-origin misorientation (solid blue line)
along lines L1 and L2. The majority of grains contain twins from the same variant
pair as in the case of the grain containing line L1. The twins corresponding to line
L3 - L11 are all also from the same variant pair. A small number of grains contain
different twin variants and the grain containing line L2 is shown here as an example.
The misorientation angle for both the extension twins crossed by line L2 is about 860
with respect to the parent grain and about 600 between the twins suggesting that
these extension twins are from different variant pairs. The twins corresponding to
line L12 are also from a different twin variant pair. The misorientation angle between
the different twin variants is observed to be close to ∼ 600 which is expected from
the theoretical misorientation relationship.
Several low angle boundaries were identified in the TEM analysis of the sample
deformed to 9% strain (Fig 3.13a). These were not apparent at the early stage
(3.5%) of deformation. These low angle boundaries (highlighted with red dashed
lines) are found within the same grain. The misorientation angle associated with
these boundaries is a few degrees (<20). The structure of one of these low angle
boundaries is in the form of a dislocation cell as shown in Fig 3.13b. The dislocation-
dislocation interaction and recovery processes most likely lead to the formation of the
dislocation cells and subgrains (Fig 3.13).
The observations in this study can be compared to the ones reported in the liter-
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(a)
(b)
Figure 3.13: Specimen deformed upto a strain of 9% (a) Formation of subgrains with
low angle boundaries seen within a grain (b) The structure of one of these boundaries
in the form of a dislocation cell
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ature. Dislocation activity during compression of Mg single crystals along the c-axis
was studied by Obara et al. [38]. A high activity of {112̄2}〈1̄1̄23〉 slip system was
found in their study. The 〈c + a〉 dislocations observed in their study were found to
lie parallel to the basal planes as well. Morozumi et al. [84] studied the dislocation
activity in and around {11̄02} twins in pure magnesium. They observed 〈c+a〉 dislo-
cation activity inside the twins as well. The activity of 〈c+ a〉 dislocations has been
associated with extension twins by a few other researchers previously [17,84].
Mechanisms for dissociation of 〈c + a〉 dislocations have been proposed in a few
studies [17]. Some of these proposed mechanisms suggest dissociation of 〈c + a〉
dislocations into 〈a〉 and 〈c〉 dislocations. Pure 〈c〉 dislocations were generally not
observed in our investigation. This is similar to the observation of Obara [38].
3.4.2 Strain hardening rates
Given the texture of the material, when a compressive load is applied in the
ED it is expected that most grains will experience extension along the c-axis under
uniaxial stress conditions. Extension twinning is highly favored under this loading
configuration. The true stress vs. true strain curve exhibits a sigmoidal shape which is
known to be a characteristic of extension twinning [21,50,59]. The shape of the stress
strain curve compares well with other works on Mg and Mg alloys of similar grain
size under loading configurations where extension twinning is the favored mechanism
[1,50,85]. The studies at high strain rates on AZ31B have also shown similar results
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[59, 60]. The effective strain hardening rates (Fig 3.3b) are high and increase with
strain similar to other works on Mg alloys [1,50]. The extension twins were observed
to develop at early stages of deformation (<3.5%) strain. They do not require high
stresses for growth and are known to grow very quickly and consume entire grains.
Thus, the extension twins are not a likely source of the high strain hardening rates as
also pointed out by Knezevic et al. [50]. Once a twin is formed, the twinned region
is reoriented by 860 and is now in a hard orientation in most cases. This serves as a
contribution to the strain hardening rate in the form of texture hardening.
The twinned region which is under c-axis compression can undergo deformation
by 〈c + a〉 slip. As the deformation progresses, the dislocation density inside the
twinned region increases. In addition, the volume of the material undergoing 〈c+ a〉
slip increases as strain is accumulated. As the accumulated strain increases, the
interaction of the 〈c+ a〉 dislocations increases.
The highest strain hardening rates are observed when the texture of the material
is such that most grains are favorably oriented for c-axis compression [1, 38, 50]. In
this work, by about 9% strain, most of the grains have completely twinned so that the
crystallographic c-axis in these grains will be under compression during further load-
ing. In this configuration, contraction twinning and 〈c + a〉 slip are the mechanisms
that can accommodate the plastic strain. Some authors have suggested that contrac-
tion twins are responsible for the high strain hardening rates in AZ31 [50]. In the
present work, no contraction twins were observed upto the strain level corresponding
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to the maximum strain hardening rate. Thus, we believe the very high strain harden-
ing rates are a result of the 〈c+ a〉 dislocation activity as suggested by the formation
of subgrains and dislocation cells by dislocation-dislocation interactions.
The density of 〈c+ a〉 dislocations increases significantly as the deformation pro-
gresses (3.0±0.11)×1013m−2 at 3.5% strain and (1.0±0.04)×1014m−2 at 9% strain).
At lower strains, these dislocations are mainly parallel to the basal planes. As strain is
accumulated, the dislocation interaction increases as suggested by the higher number
of dislocations that have kinked segments (Fig 3.10b). At strains of about 9%, the
mobile dislocations also face obstacles from the dislocation cells as shown in Fig 3.13.
Therefore, the texture hardening and dislocation activity appear to work together
and contribute to the high strain hardening observed in this work.
3.5 Summary
The mechanical behavior of extruded magnesium under compression in the ED
has been studied at quasi-static and high strain rates. The deformation mechanisms
and microstructural evolution under dynamic loading have also been investigated.
The key observations are:
• Extension twinning and dislocation activity are both required to accommodate
plastic strains under high strain rate loading.
• In the early stages of deformation (3.5% strain), numerous extension twins are
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formed. Deformation by 〈c + a〉 dislocation slip occurs in the twinned region
to accommodate compressive load along c-axis. These extension twins contain
〈c+ a〉 dislocations that lie parallel to the basal planes.
• The parent region (at 3.5% strain) contains long straight 〈a〉 dislocations despite
the low Schmid factor for the associated slip systems. This is attributed to the
ease of basal slip in Mg due to its low CRSS.
• As the deformation progresses, the extension twins consume entire grains thus
reorienting them into a hard orientation. 〈c + a〉 slip is therefore a favored
mechanism for accommodating compression along the c axis. A significant
increase in the density of 〈c+a〉 dislocations with increase in strain is observed.
This increase in dislocation density and the dislocation-dislocation interactions
at higher strains ties directly with the high strain hardening rates observed in
this work.
• No contraction twins were observed in this work upto strains of 9%. There-
fore, the high strain hardening rates observed in this work are associated with
dislocation activity and texture hardening.
• Dislocation cells and subgrains formed due to the dislocation-dislocation inter-
actions are believed to be the source of the high strain hardening rates.
Similar analysis of microstructural evolution can be performed under quasi-static
loading. A comparison of the current work with such an analysis will enable us
73
CHAPTER 3. MICROSTRUCTURAL EVOLUTION OF PURE MAGNESIUM
UNDER HIGH STRAIN RATE LOADING
to gain insight into the strain rate dependence of different deformation mechanisms.
Based on the understanding of the evolution of the dominant deformation mechanisms
in magnesium, the development of a simple mechanism based constitutive model is





The mechanical behavior of magnesium and its alloys is governed by multiple
deformation modes such as basal and non-basal slip and extension and contraction
twinning as discussed in Chapter 3. Which of these modes are dominant is dependent
upon the loading conditions such as the nature of loading with respect to the texture
of the material, temperature, rate of loading etc. Under some loading conditions,
multiple modes of deformation are activated (Chapter 3). In order to predict the
material behavior under different loading conditions, constitutive models need to
account for the various deformation mechanisms, their interaction and evolution.
There has been significant work done in the recent years on modeling the deforma-
tion of magnesium and its alloys using a variety of modeling techniques. Phenomeno-
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logical models have been used in the past to describe the rate dependent deformation
behavior of metals [86]. Many of these models are essentially empirical fits to data
and perform very well over a limited range of strain, strain rate and temperature val-
ues. In these models, the flow stress is typically described as a function containing the
strain, strain rate and temperature. Models such as Johnson-Cook [86] have a small
number of parameters and are computationally efficient and have been successfully
used to describe the behavior of some FCC metals. A modified form of the Johnson-
Cook model was used by Ulacia et al. to describe the behavior of rolled AZ31B, a
magnesium alloy [87]. They considered a range of strain rates and temperatures but
only considered the orientations that undergo slip and ignored twinning. However,
it is important to capture the orientation dependence of deformation modes and the
associated texture evolution in the case of HCP metals like magnesium that undergo
twinning in addition to slip. It is difficult for phenomenological models to account for
the observed sigmoidal stress-strain response under twinning dominated deformation
in magnesium. A semi-analytical formulation was developed by Barnett et al. which
captures the twinning dominated deformation of magnesium in the low strain rate
regime well [88]. The texture evolution in this case is captured by an empirical twin
volume fraction evolution relationship.
Physics/mechanism based constitutive models are another class of models that are
used to describe behavior of metals. These models typically incorporate an internal
state variable approach. The evolution of the internal state variable is described in
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the model and the constitutive behavior is directly described by the current value
of the internal state variable. The internal state variables (eg. dislocation density,
twin volume fraction) generally represent the microstructure of the material and its
evolution with deformation. Examples of such models include the MTS and Zerilli-
Armstrong models, which use a thermal activation theory of dislocation motion [89,
90]. The formulation developed by Estrin [91] extended the Kocks-Mecking model
to incorporate effects of particles and solutes on the evolution of the internal state
variable.
The behavior of magnesium is complicated due to the anisotropy, slip and twin-
ning mechanisms and their interaction. Constitutive models need to account for the
initial texture, the wide range of strengths of different slip and twin systems and the
evolution of texture due to twinning to successfully describe the behavior of this ma-
terial. However, conventional physics based models do not capture these phenomena
well and need to be extended to successfully model the deformation of magnesium.
Several single crystal plasticity models have also been developed in the last decade.
The first few models that incorporated the slip and twinning deformation modes in
HCP materials in a single crystal plasticity framework were developed by Kalidindi,
Staroselsky and Anand [92–94]. More recently, the single crystal plasticity model de-
veloped by Zhang and Joshi [2] incorporated the evolution characteristics of extension
and contraction twins. A number of self-consistent polycrystal plasticity models have
been developed that incorporate dislocation slip and deformation twinning [48, 95].
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These models are typically used to study the macroscopic response of polycrystalline
materials such as strain hardening and texture evolution and have been fairly suc-
cessful in describing the behavior of magnesium at low strain rates.
There is a need for more sophisticated physics based models which can account for
complex deformation processes in magnesium and its alloys under a variety of loading
conditions. Due to the advances in both the experimental as well as computational
capabilities, we are now able to obtain information about defects such as dislocations,
twins etc. at small length scales. The EBSD and TEM data enables us to build a fun-
damental understanding of the defect structures inside the material. Computational
techniques such as molecular dynamics (MD) can be used to study the interaction
of these defects. Leveraging such information from multiple scales can help us build
better constitutive models that are able to capture complex deformation character-
istics of materials like magnesium. There have been a few efforts in the recent years
trying to incorporate this information in models (eg. Beyerlein et al. [42]).
A simple physics based scalar constitutive model which takes into account the
evolution of the dominant mechanisms active during the deformation of magnesium is
developed here. The model is applied to the deformation of single crystal and extruded
polycrystalline magnesium. The model is developed in Section 4.2 and the evolution
equations for the internal state variables are presented in Sections 4.2.1, 4.2.2.1, and
4.2.2.2.
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4.2 Modeling framework
The scalar constitutive model described here is based on an internal state variable
approach. The internal state variables considered here are the dislocation densities of
the 〈a〉 and 〈c+ a〉 dislocations (ρa, ρc+a) and the extension twin volume fraction f .
These internal state variables evolve as the deformation progresses, and the evolution
equations for these internal state variables are described in this section.
The flow stress of the material is given by
σ = σ0 + σTaylor (4.1)
where σ0 is the initial deformation resistance which includes the lattice resistance
(Peierl’s stress) and the grain size dependent strength from the Hall-Petch effect in
the case of polycrystalline materials.
σ0 = σP + σHP = kd
−1/2 (4.2)
σP is the Peierl’s stress and σHP is the Hall-Petch term where d is the grain size
and k is the Hall-Petch constant. The term σ0 remains constant and does not evolve
with deformation.
The second term in Eq 4.1 accounts for the strength from the density of disloca-
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Here, α is the dislocation-dislocation interaction parameter, M is the texture depen-
dent Taylor factor for polycrystalline material, µ is the shear modulus, b is the Burgers
vector and ρtotal is the total dislocation density.
The total dislocation density is decomposed into the additive sum of the 〈a〉 and
〈c+ a〉 dislocation densities since these are the commonly observed dislocation types
in magnesium.
ρtotal = ρa + ρc+a (4.4)
Based on experimental observations, pure 〈c〉 dislocations are very rarely observed
and therefore are not considered in the model. The equations for the evolution of
the 〈a〉 and 〈c + a〉 dislocation densities are formulated separately. The CRSS for
these two slip systems and the loading configurations under which these dislocations
are activated are significantly different from each other. Since extension twinning is
a dominant deformation mechanism in magnesium and due to the propensity of the
extension twins to grow, we consider two material domains in our analysis - the parent
region and the twinned region. Different types of dislocation slip may be activated in
the parent and twin regions depending on the loading conditions (Chapter 3). The
growth of the extension twins is modeled through an empirically derived relationship
based on the work by Barnett et al. [88].
In order to develop a formulation that can be applicable to general deformations
under which a variety of deformation modes are active, we consider the cases of com-
pression along the 〈a〉 axis for single crystal Mg and compression in the extrusion
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direction for extruded polycrystalline Mg. Under these loading conditions, multiple
modes of deformation, namely, extension twinning, 〈a〉 slip and 〈c + a〉 slip are acti-
vated at various stages of deformation. We describe the evolution equations for these
three deformation modes in the following sections.
4.2.1 Evolution of twin volume fraction
Extension twins in magnesium are easily nucleated and can grow to consume large
volumes causing a significant change in the texture of the material [21]. Therefore,
evolution of the volume fraction occupied by extension twins is considered here. Con-
traction twins are not as commonly observed in magnesium. They are difficult to
nucleate and grow, and typically occupy small volumes [22]. Therefore, the evolution
of contraction twins is not considered here as they are unlikely to cause significant
changes to the texture.
An empirical relationship for the evolution of the extension twin volume fraction
with strain based on Barnett’s [88] work is used here. The twin volume fraction is
described as the ratio of the volume of the twinned material to the total volume
(f=Vtwin
V
). The twin volume fraction evolution equation used by Barnett et al. is
f(ε) = 1− exp[−4( ε
εmax
)a] (4.5)
where f is the twin volume fraction and ε is the equivalent plastic strain. εmax is
the value of strain at which twinning is 98% complete, and a is a parameter. We use
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a slightly modified version of the above equation for simplicity (Eq 4.6).
f(ε) = 1− exp[−( ε
κ
)a] (4.6)
This modified equation has two parameters κ and the strain rate exponent a. The
value of a is kept constant and equal to 2.5, which is the same as that in Barnett’s
work for extension twinning dominated deformation. The effect of the value of κ on
the twin volume fraction evolution from Eq. 4.6 is shown in Fig 4.1 and Fig 4.2 below.
Figure 4.1: Twin volume fraction evolution with strain; the effect of varying the
parameter κ in Eq 4.6
Here, the twin volume fraction is taken to be 0 when there are no twinned regions
in the material and is taken to be 1 when the entire material has been reoriented by
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Figure 4.2: Rate of change of twin volume fraction with strain; the effect of varying
the parameter κ in Eq 4.6
twinning. For comparison, Barnett’s twin volume fraction evolution function is also
plotted in Fig 4.1. The parameter values used for Barnett’s function were εmax = 0.1
and a = 2.5. It can be observed from Fig 4.1 that the twin volume fraction reaches
its peak rapidly and then saturates for smaller values of κ. The peak/saturation
value of the twin volume fraction, f , decreases with increase in κ for the same strain.
Different evolution rates for the twin volume fraction can be obtained by varying the
values of κ. The rate of change of the twin volume fraction with strain (df
dε
) varies
with the value of κ as well (Fig 4.2). The highest value of df
dε
is observed for smallest
values of κ. The strain at which this peak value of the rate of change of twin volume
fraction (df
dε
) occurs is lower for smaller values of κ. Therefore, the material twins
83
CHAPTER 4. CONSTITUTIVE MODELING
rapidly initially and twinning saturates at a lower strain for smaller values of κ. The
phenomenological relationship presented here is used to describe the observed twin
volume fraction evolution in magnesium in this work.
4.2.2 Evolution of dislocation density
In order to accommodate the plastic deformation, dislocation motion occurs under
the applied load. In order to continue their motion, dislocations need to overcome the
energy barriers created by short range obstacles (such as other dislocations, solutes,
precipitates etc.) and long range obstacles (such as grain boundaries). The distance
that a dislocation can travel depends on the structure and spacing of these obstacles.
Gliding dislocations can be immobilized by these obstacles and be stored causing the
dislocation density to increase. As the deformation progresses, under the applied
load, some of these dislocations may cross slip and interact with other dislocations
causing dislocation annihilation or kinks and jogs. These mechanisms are accounted
for by the evolution equations.
The dislocation density evolution is dictated by the competition between dislo-
cation accumulation and recovery. When gliding dislocations become immobilized
and are stored, there is an increase in the dislocation density. Follansbee et al.
suggested that this immobilization distance is inversely proportional to the imposed
strain rate [90]. Therefore, the dislocation accumulation term is considered to be de-
pendent on the strain rate and temperature. Experimental observations of increased
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dislocation densities at high rates and dislocation generation under shock loading in
some FCC metals support this idea [96]. Therefore, the coefficient of the dislocation
accumulation term, in the case of both 〈a〉 and 〈c + a〉 dislocations is considered to
be strain rate and temperature dependent. The recovery of dislocations can occur
through cross slip which is also a strain rate and temperature dependent mechanism.
4.2.2.1 〈a〉 dislocations
In magnesium, both single crystal and polycrystalline, 〈a〉 slip is activated under
many loading conditions due to its low CRSS. Activity of 〈a〉 slip is observed even
under loading conditions where this deformation mode is not geometrically favored.
Under compression in the extrusion direction in the case of extruded polycrystalline
magnesium, profuse extension twinning is observed along with 〈a〉 slip in the parent
region. The density of the 〈a〉 dislocations evolves inside the parent region with strain.
The equations below describe the evolution of this dislocation density. The dislo-
cation density evolution equation (Eq 4.8) has two terms - one accounts for the in-
crease in the dislocation density due to dislocation generation, dislocation-dislocation
interaction etc. and the other term accounts for the decrease in dislocation density














ρa − βrρa)[1− f ]n (4.8)
and ε̇ is the equivalent plastic strain rate, β(ε̇, T ) is the dislocation accumulation
or the source parameter and βr(ε̇, T ) is the dislocation annihilation or the recovery
parameter. The mean free path (λ) that a dislocation can travel before being stopped
depends on the average dislocation spacing (eq 4.9) [97] assuming that other disloca-
tions are the primary obstacles. The obstacles are assumed to be dislocations of the









where P is a constant. The dislocation spacing can be expressed in terms of the
dislocation density which gives us λa ∝ 1√ρa for 〈a〉 dislocations. This results in the
form of the first term in eq 4.8.
Experimental observations suggest that the 〈a〉 dislocation slip occurs inside the
original/parent crystal (Chapter 3). The volume fraction of the parent region is
given by (1 - f), where f is the volume fraction of the twinned region (Section 4.2.1).
Therefore, the evolution equation for the density of 〈a〉 dislocations contains this
term. If there is no twinning in the material, f = 0, and there is no effect of this term
on the dislocation density. If twinning occurs and the value of f increases, the volume
fraction of the parent region decreases and the rate of change of the 〈a〉 dislocation
density decreases. When the material is completely twinned, f = 1, and the volume
fraction of the parent region is 0, the rate of change of 〈a〉 dislocation density with
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strain (Eq 4.8) becomes zero and the dislocation density saturates and doesn’t change
with further strain. Therefore, the volume fraction term dominates the evolution rate
of 〈a〉 dislocations at later stages of twinning. Note that the 〈a〉 dislocations inside
twins are not considered in this analysis for simplicity. The values of the various
parameters from Eq 4.8 are determined later, in Sections 4.3 and 4.4.
4.2.2.2 〈c+ a〉 dislocations
Extension twinning in magnesium causes an ∼ 860 reorientation of the crystal
compared to the parent region. Therefore, continued compressive loading along the
〈a〉 axis in single crystal Mg or along ED in extruded Mg, imposes compression along
the 〈c〉 axis of the twinned (reoriented) region. Under this loading configuration,
pyramidal 〈c+ a〉 slip and contraction twinning are the favorable modes of deforma-
tion. In this work, we focus solely on the easier 〈c + a〉 slip mechanism. In the case
of deformation involving extension twinning, the 〈c + a〉 slip is activated inside the
twinned region. Therefore, the volume fraction of the twinned region, f , is considered
in the evolution equation. When there are no twins, f = 0, and there is no increase
in the density of 〈c + a〉 dislocations. As twins grow, f increases and more 〈c + a〉
dislocations can be accumulated inside the twinned region. The contribution from













ρc+a − γrρc+a)[f ]n (4.11)
where γ(ε̇, T ) is the coefficient of the dislocation accumulation/source term and
γr(ε̇, T ) is the coefficient of the dislocation annihilation or recovery term for the 〈c+a〉
dislocations. The volume fraction of the twinned material, f , affects the rate of change
of the 〈c+ a〉dislocation density increasing it as the volume fraction increases.
The volume fraction terms of f in the case of 〈c+a〉 slip and (1 - f) in the case of
〈a〉 slip are also representative of the orientation dependence of the mechanisms. The
value of f=0 corresponds to the loading configuration such that the c-axis is under
extension and there is no 〈c + a〉 slip. The value of f=1 corresponds to the loading
configuration in the case of the c-axis under compression. This later is also applicable
when the activity of 〈c + a〉 slip is observed with no extension twinning. Therefore,
in the case of c-axis compression of Mg single crystal, f is set to 1 since 〈c + a〉 slip
is the dominant mechanism of deformation and extension twinning is generally not
observed.
The set of equations presented in this section give the general framework for
the constitutive model. This model is applied to the case of deformation of single
crystal Mg along crystallographic 〈a〉 axis and 〈c〉 axis and compression of extruded
magnesium along the extrusion direction (ED) in the following sections.
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4.3 Deformation of Single Crystal Mg
Analysis of the deformation of single crystal magnesium enables us to build a
fundamental understanding of the orientation dependent deformation modes of this
material. The insights gained from this study can be extended for application to poly-
crystalline deformation. Studies on single crystals of magnesium and alloys over the
last few decades at both the micro and macro scale have enhanced our understanding
of the deformation mechanisms in this material. Studies on the micro-compression
of single crystal magnesium along different orientations have been performed which
bring out the dominance and size dependence of the deformation mechanisms [98,99].
The properties of bulk single crystals were investigated by Kelley and Hosford [37] in
the 1960s under plane strain compression along different orientations. More recently,
quasi-static uniaxial compression experiments were performed on bulk single crystals
of 99.99% purity by Xie et al. at Johns Hopkins University (in preparation) and
Syed et al. [100]. Post-deformation microstructural investigation of the specimens
revealed the dominant deformation modes. With the insights gained from the experi-
mental work, we employ the simple mechanism based modeling framework developed
in Section 4.2 to describe the behavior of bulk single crystals of Mg.
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4.3.1 Analytical solution for 〈c〉 axis compression
of single crystal Mg
Compression of single crystal magnesium along the c-axis is considered first since
only one dominant mode of deformation is activated under this loading. Pyramidal
〈c + a〉 slip is the primary mode of deformation under this loading which has been
observed in bulk crystals as well as some micrometer size specimens [38,98,100]. We
develop an analytical solution for this loading condition which describes the evolution
of the density of the 〈c+ a〉 dislocations with deformation. The twin volume fraction
evolution is not considered here since twinning is not observed under this loading
configuration. The orientation of the material with respect to the loading is such as
that represented by setting the value of f = 1 in Eq 4.11.
















Integrating the above equation in order to obtain an analytical relationship between
ε and ρ we obtain
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ρ− A) + C (4.14)
where C is the constant of integration. At ε = 0, ρ = ρi, the initial dislocation density.






ρi − A) (4.15)























where A has the units of m−1 and B is dimensionless. Then, substituting in the
Taylor hardening equation ( 4.1), we obtain the analytical expression for the c-axis
single crystal compression.











Re-substituting the values for A and B, we obtain,











The data from the recent experiments conducted on single crystal Mg by Xie et
al. (in preparation) (Fig 4.4) were used to select the values of the parameters so as
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to fit the experimentally measured stress-strain response. Table 4.1 lists the values
of the parameters used here.
σ0 40 MPa
b, Burgers vector for 〈c+ a〉 dislocations 0.61× 10−9 m
α for pyramidal-pyramidal interaction 0.9
µ, shear modulus 17.2 GPa
γ 3.3
γrec 150
Initial dislocation density, ρ(i) 8.7× 1011m−2
Table 4.1: Parameters for 〈c〉 axis compression of single crystal Mg
The values of the Burgers vector and the initial strength σ0 are taken from the
literature [2,101]. The Taylor hardening equation is then used to calculate the value
of the initial dislocation density. The experimentally measured value flow stress of the
material at yield is ∼61 MPa. The value of the initial dislocation density is calculated
to be 0.87× 1012m−2. The value of the dislocation-dislocation interaction parameter
α is taken to be 0.9 for the pyramidal-pyramidal interaction from the literature [102].
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Figure 4.3: Comparison of the experimental (green line) stress vs. strain response of
single crystal Mg with the output of the model (blue line) under c-axis compression
Figure 4.4: Evolution of the density of 〈c+ a〉 disloctions under c-axis compression
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The stress-strain response of the material generated using the analytical solution
for 〈c〉 axis compression of magnesium is presented in fig 4.3. The comparison between
the experimental response (green line) and the model output (blue line) and the evo-
lution of the dislocation density from the model shows that the analytical formulation
can capture the material response well. Under this loading, the final strains achieved
are low (of the order of ∼ 2− 4%). The dislocation density rises significantly so as to
produce the high degree of strain hardening observed. The accumulated dislocation
density from the model falls in the range of the experimentally measured dislocation
density values reported in the literature [103].
4.3.2 Response of single crystal Mg under com-
pression along the 〈a〉 axis
The deformation of bulk single crystal Mg loaded in compression along the 〈a〉
axis was recently studied experimentally by Xie et al. (in preparation). This loading
configuration imposes indirect tension along the 〈c〉 axis of the crystal. The dominant
deformation mechanisms observed initially are 〈a〉 slip and extension twinning. In
addition, pyramidal 〈c + a〉 slip is also observed inside the twinned region. This is
similar to our observations of the deformation of extruded magnesium compressed
in the extrusion direction at high strain rates (Chapter 3). In order to capture the
evolution of these three mechanisms, we employ our general modeling framework
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described in Section 4.2.
The orientation of the crystal with respect to the loading under 〈a〉 axis compres-
sion is such that the resolved shear stress on the basal plane is ideally zero. The
CRSS of basal slip in Mg is very low (∼0.5 MPa) making basal slip possible even
for a slight misorientation. Therefore, basal slip which is commonly observed in Mg
under many loading configurations is also observed here. In the early stages, the
deformation under 〈a〉 axis compression proceeds through activation of basal slip and
extension twinning in the material. The evolution of the density of 〈a〉 dislocations
in the parent region is described by the equations ( 4.7 and 4.8) which in a succinct





ρa − βrρa)[1− f ]nε̇ (4.20)
The parameters β and βr are the coefficients for the accumulation and recovery
mechanisms respectively for the density of 〈a〉 dislocations. The activity of 〈a〉 slip
is presumed to be high at the beginning of the deformation since 〈a〉 slip mainly
occurs in the parent region. At larger strains, the twins grow to consume the parent
volume. The effect of the parameters β and βr on the mechanical behavior is very
small at larger strains due to the growth of twins and increase in the twin volume
fraction thus making the term (1 - f) small. Therefore, their values are chosen
such that the mechanical behavior at lower strains (upto ∼ 5% strain) is accurately
captured. At larger strains, a greater volume of the parent region transforms into
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twinned region causing the density of 〈a〉 dislocations to saturate. It is assumed that
due to twinning, the density of 〈a〉 dislocations is low and the recovery process does
not occur. Therefore, the value of βr (the recovery parameter) is taken to be zero.
The twinned region which is ∼860 away from the orientation of the parent expe-
riences compression along the 〈c〉 axis. Pyramidal slip is a favored mechanism under
this loading configuration. Experimental observations show the existence of 〈c + a〉
dislocations in the twinned region. The 〈a〉 dislocations that exist in the parent region
may be transmuted into 〈c + a〉 dislocations in the twinned region under the twin-
ning shear upon interaction with the twin boundary. This mechanism proposed by
El Kadiri and Oppedal [104] may explain the experimental observations of significant
〈c + a〉 dislocations inside twinned regions. As the twin volume fraction increases,
more dislocations from the parent region may be transmuted into 〈c+a〉 dislocations
in the twinned region therefore increasing the dislocation density. Additionally, twin
boundaries may act as sources of dislocations as seen in some other metals [105].
The parameters γ and γr are coefficients of the dislocation accumulation term
and the recovery term for the 〈c + a〉 dislocations respectively. In this case of 〈a〉
axis compression, these dislocations are inside the twinned region which is different
from the case of 〈c〉 axis compression in which the dislocations were inside the orig-
inal/parent crystal. Considering the transmutation mechanism above and that the
twin boundaries act as sources for the 〈c+a〉 dislocations, we expect that the magni-
tude of the source term γ will be higher in this case. We assume that the coefficient
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for the recovery term γr remains the same.
The values of additional constants and parameters for 〈a〉 axis compression of
single crystal Mg are given in Table 4.2.
σ0 6 MPa
α for basal-basal interaction 0.2
ba 0.32× 10−9 m





Initial dislocation density, ρ(i) 8.7× 1011m−2
κ 0.07
n 2
Table 4.2: Parameters used in modeling the 〈a〉 axis compression response of single
crystal Mg
The Burgers vector for the 〈a〉 and 〈c+a〉 dislocations are taken from the literature
[106]. The initial strength σ0 is taken to be 6 MPa based on the experimental data [2].
The value of κ is taken to be 0.07. This value of κ describes the twin volume fraction
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evolution (Fig 4.8) that matches the experimentally measured behavior. The initial
total dislocation density was chosen to be the same as that in the case of 〈c〉 axis
compression.
The value of the parameter n affects the rate of change of dislocation density of
both 〈a〉 and 〈c+a〉 dislocations. The effect of different values of n on the dislocation
densities is shown in Fig 4.5 and 4.6 and the stress-strain response in Fig 4.7. It is
observed from Fig 4.5 that as the value of n increases, the accumulated density of
〈a〉 dislocations decreases. At larger strains, the rate of change of dislocation density
with strain decreases, and the dislocation density tends to saturate for larger values
of n.
The evolution of the density of 〈c+ a〉 dislocations is also affected by the value of
n as observed in Fig 4.6. In the case of 〈c + a〉 dislocations, for higher values of n,
the initial rate of change of change of dislocation density (at small strains) is small
but it increases at larger strains. This leads to a lower accumulated density of 〈c+a〉
dislocations for larger n at the same strain for the range of strains considered.
Due to the significant effect of the value of parameter n on the densities of 〈a〉 and
〈c+a〉 dislocations, the overall stress-strain response is also affected by the value of n.
From the stress-strain response (Fig 4.7), it can be seen that the sigmoidal behavior
of the curve can be captured by the higher values of n (e.g. n=2). For higher values
of n, a higher rate of change of the 〈c+ a〉 dislocation density with strain is obtained
at larger strains (Fig 4.6) due to which the observed strain hardening effect from
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the pyramidal dislocations can be captured. The parameter values that resulted in a
close match with the experimental data are used to generate the results presented in
Figures 4.8, 4.9, and 4.10.
Figure 4.5: Effect of the value of parameter n from Eq 4.20 on the evolution of the
〈a〉 dislocation density
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Figure 4.6: Effect of the value of parameter n on the evolution of the 〈c+a〉 dislocation
density
Figure 4.7: Effect of the value of parameter n on the stress-strain relationship
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Figure 4.8: Evolution of the twin volume fraction under 〈a〉 axis compression
Figure 4.9: Evolution of the dislocation density under 〈a〉 compression
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Figure 4.10: Stress-strain response under 〈a〉 axis compression. The experimental
data is shown by the green line with markers and the output of the model is shown
by the solid blue line
The evolution of twin volume fraction in single crystal Mg under 〈a〉 axis com-
pression is shown in Fig 4.8. The value of κ is chosen to be 0.07 in order to match
the rough estimate (from Xie et al., in preparation) of twin volume fraction (f ≈ 0.9)
at ∼10% strain.
The total dislocation density is composed of the density of 〈a〉 dislocations and
〈c + a〉 dislocations. TEM observations (Xie et al., in preparation) suggest that the
initial dislocation density is dominated by 〈a〉 dislocations and 〈c + a〉 dislocations
are very few in number. Therefore, the initial density of 〈c + a〉 dislocations was
assumed to be an order of magnitude smaller than that of 〈a〉 dislocations. The
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evolution of dislocation densities with strain is shown in Fig 4.9. In the early stages
of deformation, the density of 〈a〉 dislocations is dominant but as the twin volume
fraction increases, the contribution from the 〈c + a〉 dislocations starts to rise. The
density of 〈a〉 dislocations is observed to almost saturate beyond ∼8% strain. The
rate of increase of the 〈c+ a〉 dislocation density is very high at strains greater than
∼7% which results in the strain hardening effect.
4.3.3 Summary of results for single crystal magne-
sium
The mechanism based model was successfully applied to describe behavior of single
crystal magnesium. In the case of c-axis compression of single crystal Mg, pyramidal
〈c+a〉 dislocation slip was considered to be the dominant mechanism and an analytical
description for the evolution of the dislocation density was developed. In the case
of a-axis compression, 〈a〉 and 〈c + a〉 slip and extension twinning are the active
mechanisms. Hence, the evolution of the three internal variables - (i) density of 〈a〉
dislcoations, (ii) density of 〈c + a〉 dislocations and (iii) twin volume fraction - was
considered in describing the observed behavior. The model can also be applied to
the deformation of single crystal Mg along different orientations where the relative
activities of slip and twinning are different than that observed here.
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4.4 Response of extruded Mg under com-
pression along the ED
We have performed compression experiments on extruded magnesium in the ex-
trusion direction (ED) at quasi-static and dynamic strain rates (Chapter 3) [107].
Experimental observations indicate that under this type of loading, the dominant
deformation mechanisms are similar to those in the 〈a〉 axis compression of single
crystal magnesium. There will most likely be differences in the evolution of these
mechanisms due to the presence of grain boundaries. We use the same modeling
framework from Section 4.2 to capture the response of this material.
The extrusion processing of polycrystalline magnesium induces a strong texture.
The texture of the material is such that most basal planes are aligned parallel to the
extrusion direction. To account for the effect of texture, a Taylor factor M is included
in the Taylor hardening equation. The value of M is taken to be 2.5 from the literature
owing to the extruded texture of the material and the nature of loading [108].
The grain size dependent strength of the polycrystalline material is accounted for
by the Hall-Petch term. The average grain size of the material is 20 µm. The value
of the Hall-Petch constant is taken from the literature as k = 0.18 MPa m−1/2 [102].
The Peierl’s stress is assumed to be 10 MPa from the average of the values reported
in the literature [2, 101,109].
The experimentally measured flow stress at yield is 60 MPa for both the quasi-
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static and dynamic cases. In the twinning dominated deformation, the flow stress at
yield is not sensitive to the strain rate but the strain hardening behavior is strain
rate dependent. The value of the initial dislocation density is calculated to be 0.59×
1013m−2 which is in the range estimated experimentally [103].
Table 4.3 shows the values of the parameters used in the model for both the
quasi-static and dynamic loading cases. The values of the dislocation accumulation
and recovery parameters are slightly different from the single crystal case due to the
presence of grain boundaries and higher initial dislocation density in the extruded
magnesium.
The modeling framework developed in Section 4.2 is applied to describe the be-
havior of extruded Mg compressed in the ED at quasi-static and dynamic rates. The
twin volume fraction evolution for the quasi-static and high strain rate compression
is shown in Figs 4.11(a,b). It can be observed that the twin volume faction increases
from zero to >90% at a strain of 0.12 for both the quasi-static and dynamic cases. A
higher value of the twin volume fraction for the same strain is obtained under high
strain rate loading as compared with the quasi-static loading. The observations from
Dudamell et al.’s work on AZ31 indicate that the propensity of twinning increases
with increasing strain rates [60]. Therefore, we can expect that the twin volume
fraction at a particular value of strain will be higher in the case of high strain rate
compression. In our formulation for twin volume fraction evolution, smaller values
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Parameter Values







Initial dislocation density, ρ(i) 0.59× 1013m−2
κ (Quasi-static) 0.085
κ (Dynamic) 0.07
Table 4.3: List of parameters used for the quasi-static and dynamic compression of
extruded Mg in the ED
of the parameter κ give higher values of twin volume fraction (Fig 4.1) for the same
strain. The values of κ for the quasi-static and dynamic cases used here 0.085 and
0.07 respectively.
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(a) (b)
Figure 4.11: Evolution of the twin volume fraction under (a) quasi-static compression
and (b) high strain rate compression of extruded Mg in the ED
(a) (b)
Figure 4.12: Evolution of the dislocation density under (a) quasi-static compression
and (b) high strain rate compression of extruded Mg in the ED
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(a) (b)
Figure 4.13: Stress-strain response under (a) quasi-static compression and (b) high
strain rate compression of extruded Mg in the ED. The experimental data is shown
by the green line with markers and the output of the model is shown by the solid
blue line
The evolution of the dislocation densities under quasi-static and high strain rate
loading are shown in Fig 4.12(a,b). It can be observed that the accumulated dislo-
cation density is higher in the case of the high strain rate compression as compared
to the quasi-static compression. The coefficients β and γ account for the dislocation
accumulation with deformation for the 〈a〉 and 〈c + a〉 dislocations respectively. A
slightly higher density of 〈a〉 dislocations is observed in the quasi-static loading even
with the same coefficient (β) of dislocation accumulation (Fig 4.12a). The reason for
this is the lower twin volume fraction at a given strain in the quasi-static loading.
The twin volume fraction is comparatively higher in the case of the high strain rate
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loading at the same strain level. Due to the higher amount of twinning to accommo-
date the plastic strain, lesser activity of 〈a〉 slip is expected to be necessary in the
high strain rate case for a particular strain. The density of 〈c+ a〉 dislocations (and
the total dislocation density) is higher for the high strain rate loading (Fig 4.12).
The rate of dislocation accumulation is tied to the mean free path of dislocations.
Greater dislocation densities have been observed in materials when deformed at high
strain rates as compared to low strain rates. Some studies have shown that there
is an increase in the active dislocation sources at higher strain rates. Dislocation
generation at the shock front and effects of phonon drag at high strain rates have
also been studied for different metals [110–112]. Therefore, the coefficient of the dis-
location accumulation/generation term γ (for 〈c + a〉 dislocations) is assumed to be
strain rate dependent in order to account for these effects. The coefficient β for (〈a〉
dislocations) is assumed to be independent of strain rate in this case due to the ease
of basal slip due to its very low CRSS as compared with the other deformation modes.
A linear relationship for the coefficient of dislocation accumulation with strain rate
of the form shown in Eq 4.21 was used in the case of FCC Aluminum in the work of
Huskins [113].




where ε̇0 is the reference strain rate. Due to the lack of experimental data at various
strain rates, this relationship has not been calibrated for magnesium in this work
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but can be added in the future. In this work, it is assumed that the value of the
coefficient γ will be higher at higher strain rates and its value was chosen to fit the
experimentally observed behavior.
Fig 4.13(a,b) shows the stress-strain response generated by the model (solid blue
line) in comparison with the experimentally measured behavior (green line with mark-
ers) for the quasi-static and dynamic loading cases respectively. The model is able
to capture the overall material behavior reasonably well. It can be observed that the
flow stress at yield is similar in the two cases but the strain hardening behavior and
the peak stress reached is higher in the case of high strain rate loading. The twin
volume fraction evolution rate is faster in the case of the high strain rate deformation
as compared to the quasi-static case (Fig 4.11). The material completes the twinning
process earlier under the high strain rate loading. The combination of these two ef-
fects produces higher strain hardening in for the high strain rate case and therefore
higher peak stress magnitudes are observed (Fig 4.13).
4.5 Summary
In this chapter, we have presented a simple scalar constitutive model based on
the internal state variable theory. The commonly observed deformation modes in
magnesium are considered in the model and the evolution equations for each of these
modes are developed. The flow stress is related to the internal variables such as the
110
CHAPTER 4. CONSTITUTIVE MODELING
density of 〈a〉 and 〈c + a〉 dislocations and twin volume fraction through a Taylor
hardening equation. The evolution of 〈a〉 dislocation density is considered separately
from the evolution of 〈c + a〉 dislocations due to the significant differences in the
conditions under which they are activated. The formulation for the dislocation density
evolution equation is physics based and the dislocation accumulation or source term
is considered to be strain rate dependent. The evolution equation for the twin volume
fraction is purely empirical in the current model. The key equations from the model
are given here.
The flow stress is given by
σ = σ0 + σTaylor (4.22)
where σ0 is the initial strength and the contribution to the strength from dislocation-




The total dislocation density is composed of the 〈a〉 and 〈c+ a〉 dislocation densities
as
ρtotal = ρa + ρc+a (4.24)





ρa − βrρa)[1− f ]nε̇ (4.25)
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ρc+a − γrρc+a)[f ]nε̇ (4.26)
The evolution of the extension twin volume fraction is given by
f(ε) = 1− exp[−( ε
κ
)a] (4.27)
The parameters used in the model are listed in Table 4.4.
Material & Loading β γ γr κ n
Single crystal (a-axis) 0.4 5.6 150 0.07 2
Single crystal (c-axis) - 3.3 150 - -
Extruded Mg (Quasi-static) 0.15 2.5 80 0.085 2
Extruded Mg (Dynamic) 0.15 3.1 80 0.07 2
Table 4.4: List of parameters used in the model
4.6 Future work
The current model (implemented in MATLAB) is applied to simple uniaxial load-
ing configurations under quasi-static and dynamic strain rates. The constitutive
model as presented has the capability to capture the material response but is not
predictive. The model parameters for the current model were obtained from limited
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set of experiments on pure magnesium. Significant experimental work has been done
on magnesium alloys such as AZ31 but relatively few studies have been performed
on pure magnesium. More comprehensive experimental datasets are needed in order
to construct and calibrate some of the mechanism based constitutive relationships.
An example is the strain rate and temperature dependence of flow stress for different
textures. Note that temperature effects were not considered in this model since all
the experimental data available was at room temperature.
The dislocation density evolution as well as the twin volume fraction evolution
are likely to be strain rate dependent based on the experimental observations in
magnesium alloys and other metals. A physics based relationship for the strain rate
dependence of these mechanisms will add predictive capability to the model. Under
deformation dominated by extension twinning, the flow stress at yield is observed to
be insensitive to the strain rate in magnesium and its alloys [72]. Under slip dominated
deformation, strain rate sensitivity of the flow stress is observed. Therefore, this strain
rate dependent behavior of some deformation modes needs to be accounted for by the
constitutive model. A mechanism based approach can be developed that accounts
for the nucleation and growth of twins. Recent works have considered the concept
of twinning dislocations that are responsible for the nucleation and growth of twins
[114]. Studies on twin boundary migration in other materials (eg. Nickel [115]) have
established a relationship between twinning dislocations and twin boundary velocity.
The evolution of the twin volume fraction ḟ is directly tied to the twin boundary
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velocity. Similar mechanism based relationships for the twin volume evolution need
to be considered for magnesium and its alloys for the models to be predictive.
The current model can be extended to be applied to model the behavior of Mg
alloys. In this case, the effects of precipitates and solutes on the deformation behav-
ior needs to be considered. The flow stress at yield and the strain hardening (and
strain rate hardening) behavior may be affected by the solutes and precipitates. The
evolution equations for the internal variables will need to account for the interactions
with the solutes and precipitates.
Another avenue for the use of the current model is in a user-defined material model
(UMAT) to be implemented in finite element codes such as Abaqus. The standard
material models available in Abaqus are not able to capture the complex behavior of
magnesium induced by extension twinning. The UMAT will be extremely valuable
in producing material behavior that represents the actual behavior more accurately.
We have analyzed the behavior of magnesium under uniaxial stress loading at
quasi-static and high strain rates thus far. We are interested in understanding the
behavior of this material under complex (triaxial) stress states and loading of different
durations. The results from the plate impact experiments performed on magnesium
(that impose a uniaxial strain loading) are presented in Chapter 5 and the deformation
mechanisms activated under this loading are also analyzed.
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Twinning in Extruded Mg under
Normal Impact Loading
The deformation of pure extruded magnesium under high strain rate loading was
described in Chapter 3. The dominant deformation mechanisms that are activated
under uniaxial compression in the extrusion direction (ED) were studied, and were
found to be (under this loading configuration), extension twinning, 〈a〉 slip and 〈c+a〉
slip. The strain rates imposed under the Kolsky bar loading were of the order of 103s−1
and the typical duration of loading for these experiments was about∼200µs. However,
the dynamic loading conditions that the material can experience while being used in
armor or automotive applications generally involve loading at varying strain rates,
time durations and complex stress states. Therefore, it is important to understand
the effect of these conditions on the behavior of magnesium. To address this, we
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have performed normal plate impact experiments on the extruded pure magnesium
that was studied in Chapter 3. The typical loading in these experiments is of much
shorter duration (<5µs). The stress state imposed by the plate impact configuration is
three dimensional (due to the uniaxial strain condition) and is very different than the
uniaxial stress condition imposed by the Kolsky bars. The effect of these conditions on
the deformation mechanisms is explored here through comparison of the deformation
characteristics under the plate impact loading with that under the Kolsky bars.
In the recent years, a few studies have investigated the behavior of magnesium
alloys under impact loading [75–77]. In the studies by Millett [75] and Hazell [77] et
al., the impact velocities were high enough to generate shock in the material. Millett
et al. investigated the response of the magnesium alloy AZ61 to shock loading. They
observed that the shear strength of the material increases with the applied shock
stress and time behind the shock front. They hypothesize that this effect is due to a
deformation process that consists of early twinning followed by dislocation activity.
The shock response and the spall behavior of the magnesium alloy Elektron 675 was
studied by Hazell et al. by impacting the material along the extrusion direction and
perpendicular to the extrusion direction. Their observations indicate that the Hugo-
niot Elastic Limit (HEL) and the spall strength values are higher along the extrusion
direction. They also observed evidence of twinning in the recovered shock loaded
material. It is very difficult to recover the shock loaded specimens for microstructural
analysis while ensuring that the observed deformation is due to the initial applied
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loading. Therefore, very few observations of the deformed microstructures of shock
loaded specimens are typically reported and the work of Hazell et al. is particularly
valuable.
We are interested here in the range of impact velocities below the full shock regime
where there is elastic-plastic wave propagation. The recovery of impacted specimens
in this regime is easier and the interaction of the waves with the microstructure can
be studied. The normal plate impact experiments that are reported in this work all
fall in this regime.
In this chapter, the deformation of extruded pure magnesium under normal impact
loading is discussed. General deformation under uniaxial strain loading is discussed
in Section 5.1 and the results from the normal plate impact experiments are presented
in Section 5.2. We have performed 2D elastic-plastic simulations in Abaqus/Explicit
to analyze the stress and strain evolution in the plates during the loading. The
results of these simulations are discussed in Section 7.2. Finally, a comparison of the
deformation characteristics observed under plate impact loading is made with those
observed under Kolsky bar loading in Section 5.4. First, we discuss the state of stress
and strain under the normal plate impact (uniaxial strain) loading.
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5.1 Uniaxial Strain Loading
In the normal plate impact experiment, a cylindrical plate of material (the flyer)
carried on a projectile is launched at high velocities and impacts a stationary plate
(the target). The two plates are parallel to each other and perpendicular to the
direction of projectile motion and therefore, the impact causes longitudinal wave
propagation in both plates. The experimental configuration is shown in Figures 2.3
and 2.4 in Chapter 2. The normal plate impact loading induces a state of uniaxial
strain in the direction of impact (the center of the plate is under the condition of
uniaxial strain before the arrival of unloading waves from the edges of the plate).
Due to the lateral constraint, the stress state is three dimensional. The geometrical
configuration of the experiment is such that particle velocity histories are typically
obtained only at the center of the rear free surface of the target plate. The thickness
of the specimen is limited by the need to avoid interference from the release waves
from the edges in order to maintain a state of uniaxial strain during the time of
interest. Due to the lateral constraint imposed by the uniaxial strain condition, a
higher amplitude of stress is needed to cause large plastic deformation here compared
to the uniaxial stress case.
The plate impact configuration is commonly used to study shock wave propaga-
tion in materials. Typically, very high impact velocities are necessary to generate a
shock in the material. A shock wave is associated with a sharp discontinuity in the
state variables across the wavefront. In this work, we will not consider shock wave
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propagation in magnesium.
We first consider the case of purely elastic wave propagation. The continuum
analysis for such a case is presented below [116].
Let e1 represent the direction of impact and σ1, ε1 and v1 be the stress, strain and








where ρ is the initial density of the material which is considered to remain constant







We assume the material to be isotropic in order to simplify the analysis that fol-
lows. We recognize that this is not a good assumption for anisotropic materials such
as magnesium, making a more complex treatment necessary for accurate analysis of
the stresses and strains during the deformation. For the isotropic material consid-
ered here, the directions e2 and e3 normal to the direction of wave propagation are









[(1− ν)σ2 − νσ1] (5.4)
Considering only the elastic behavior, the above equations yield the relationship
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between the longitudinal stress and strain in the uniaxial strain case
σ1 =
E(1− ν)
(1 + ν)(1− 2ν)
ε1 (5.5)





If the amplitude of loading is high enough, plastic yielding will occur. Theories
such as J2 flow can be used to determine the stresses and strains in the plastic regime.
To account for the elastic-plastic wave propagation, the total strain is broken into











The decomposition of the strain into elastic and plastic parts is valid when the









2 = 0 (5.9)
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Equipped with this simplified understanding of the state of stress and strain in
the uniaxial strain loading, we discuss the results from the normal plate impact ex-
periments in the next section.
5.2 Normal Plate Impact Experiments
The experimental results from the plate impact experiments are discussed here.
Normal plate impact experiments were conducted on pure extruded magnesium using
the procedure described in Chapter 2. The direction of impact was chosen to be the
extrusion direction (ED). In Chapter 3, the high strain rate experiments using the
compression Kolsky bars were also conducted in the ED. The same direction was
chosen for the impact experiments so as to compare the deformation characteristics
under the two loading conditions. The texture of the material is such that the c-axes of
the grains are randomly oriented in a plane perpendicular to the longitudinal direction
(i.e. in the lateral directions). Therefore, with impact loading in the longitudinal
direction (ED), an indirect tensile loading is imposed along the c-axes. Extension
twinning is expected to occur under such loading in uniaxial stress condition but due
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to the uniaxial strain condition in the plate impact experiment, the material is not free
to expand in the lateral directions. This places a constraint on the extension of the
c-axes in the lateral direction. It is therefore important to recognize that due to the
state of uniaxial strain and the associated constraint on the lateral displacements in
the experimental configuration, the deformation characteristics may be significantly
different from the observations under uniaxial stress loading.
We are interested in investigating the mechanisms of inelastic deformation of the
material. Most of the normal plate impact experiments were performed with an
impact velocity in the range of 60-70 m/s. If the material remained purely elastic,
this velocity would correspond to a longitudinal stress amplitude of ∼300 MPa. Some
of the recent works reported the experimentally measured values of the HEL of some
magnesium alloys. For AZ61, the HEL was found to be 205 MPa by Millet et al. [75].
Hazell et al. measured the shock and spall response of a magnesium alloy Elektron
675. The HEL was measured to be ∼380 MPa [77]. It is expected that the HEL for the
alloys will be higher than that for pure magnesium here. The velocities corresponding
to the reported measured values are in the range of 30-70 m/s (estimated from σHEL =
1
2
ρcelv [117]). Therefore, we should expect the pure magnesium material to undergo
plastic deformation, and elastic-plastic wave propagation to occur in the material
with the 60 m/s impact velocity.
The flyer and the target plates in our experiments were made out of the same
extruded pure magnesium material. The dimensions of the plates were designed to be
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similar so as to have a symmetric impact. The experimentally measured quantities
were the projectile velocity prior to impact, the misalignment between the impact
faces of the flyer and target plates and the particle displacement at the free surface
of the target.
5.2.1 Experimental Results
The results from the normal plate impact experiments and the quantities mea-
sured are discussed in this section. First, non-recovery type normal plate impact
experiments were carried out on magnesium to test the experimental setup and diag-
nostics. The plate impact recovery setup discussed in Chapter 2 (Section 2.4.1) was
then used to perform normal plate impact experiments with recovery of the target af-
ter impact. The impact velocities for both the recovery and non-recovery experiments
were ∼60-70 m/s. In order to gain insight into the effect of the plate thickness/pulse
duration on the wave propagation and deformation, experiments were also performed
on plates with different thicknesses. The thickness values chosen were 2 mm, 3.5 mm
and 7 mm. The lapping and mechanical polishing done prior to loading typically only
affects a region within ≤100µm of the surface in the case of pure magnesium (based
on a systematic analysis of polishing followed by microstructural analysis at different
depths from the surface). The smallest value of thickness was chosen as 2 mm so that
the region that may be affected due to the specimen preparation method is limited
to a small fraction of the thickness of the specimen. As the thickness of the specimen
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increases, the time between the arrival of the longitudinal wave at the free surface
and the unloading waves from the specimen boundary decreases. The thickness of 7
mm was chosen so that there is still enough separation (∼0.9 µs) between the arrival
of the longitudinal loading wave and the release waves from the specimen boundary.
At least two experiments were performed for each of the plate thicknesses at approxi-
mately the same impact velocity. The thickness of the target and the flyer plates was
kept the same in order to have a symmetric impact configuration.
Test ID Plate thickness (mm) Projectile Velocity (m/s) Tilt (milliradians)
Mg2E1 2 65 0.708
Mg2E2 2 60 Not recorded
Mg3E1 3.5 70 0.94
Mg3E2 3.5
Not recorded
(intended to be 70) 1.18
Mg7E1 7 63 1.023
Mg7E2 7 62 0.472
Table 5.1: List of normal plate impact recovery experiments
Table 5.1 lists the impact experiments performed along with the quantities mea-
sured. The third column in the table lists the measured projectile velocity just before
impact. The impact velocity varies between 60 - 70 m/s. If the material had a purely
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elastic response to the imposed loading, the kinetic energy of the flyer will be com-
pletely transferred to the target plate within a very short time and the final velocity
reached by the target would be exactly equal to the impact velocity after the initial
wave propagation has occurred. We expect the material to undergo inelastic defor-
mation under this range of impact velocity. Therefore, we can expect that the initial
kinetic energy of the flyer plate will be transferred to the target such that a part of it
is dissipated in the plastic deformation of the material and the rest as kinetic energy.
Therefore, the experimentally measured free surface velocity of the target plates is
typically initially lower than the impact velocity during the time of the initial wave
propagation.
Figure 5.1: Elastic-Plastic wave porpagation in the normal plate impact configuration
When the impact velocity generates stress amplitudes above the HEL, elastic
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and plastic wave propagation occurs inside the material. An idealized schematic of
the wave propagation in the case of a single plastic wave is shown in Figure 5.1.
Upon impact, longitudinal elastic and plastic waves are generated in both the flyer
and target plates. The elastic wave (represented by a solid line) travels at a higher
speed than the plastic wave (represented by the dashed line). Both these waves travel
through the thickness of the plate to the rear free surface. The rear surface has a stress
free boundary condition and therefore, the reflected waves from the free surface are
of opposite sign. Therefore, various material points in the plates experience different
states of stress that depend on the propagation and interaction of the elastic and
plastic waves. For example, at the material points very close to the free surface of
the target, the elastic release wave from the free surface will arrive before the plastic
loading wave arrives introducing complexity in the analysis of the wave propagation.
The elastic properties of magnesium are known and can be used to estimate the
longitudinal elastic wave speed in the material. The density of pure magnesium is
1740 kg/m3 [12]. The elastic Young’s modulus of the material is 44 GPa and the
Poisson’s ratio is 0.35. Using these values, the longitudinal elastic wave speed can be
estimated to be 6370 m/s.
This calculated wave speed value from above equation is used in the further anal-
yses in this work. The arrival times of the elastic waves at the free surface of the
target can be estimated using this wave speed. The estimated arrival times (tel1 ) for
the waves assuming a longitudinal elastic wave is propagating are given in the table
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below for targets of different thicknesses.




Table 5.2: Propagation times for elastic waves
The above arrival times for the waves are calculated based on the assumption of
perfect impact. In reality, there is always some amount of misalignment (tilt) in the
experiment. The effect of the tilt can observed in the free surface velocity history.
The tilt causes a delay in the arrival of both the elastic and plastic waves and distorts
the velocity history [118].
The particle displacement and velocity history at the rear surface of a 2 mm target
as measured by NDI is shown in Fig 5.2 for shot Mg2E2. The NDI setup (presented
in Chapter 2) consists of 2 photodiodes which are represented by Channels 1 and 2.
The details of the procedure used to calculate the displacement and velocity history
are given in Chapter 2 and the Appendix. The particle displacement becomes non-
zero upon arrival of the elastic wave and rises thereafter. The particle velocity is
calculated by numerical differentiation of the displacement-time history. It can be
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observed from Fig 5.2 that the particle velocity jumps to ∼15-20 m/s upon arrival of
the elastic wave at the rear surface. We do not have sufficiently high resolution data
in this time to accurately capture the velocity history in this time range. There is
a change in the slope around this value and the velocity continues to rise thereafter.
This velocity range appears to correspond to the HEL of the material [75]. Exceeding
the HEL (estimated below) causes elastic-plastic wave propagation to occur. The
plastic wave travels slower as compared to the elastic wave. In the region close to the
rear free surface, the elastic release wave from the free surface will arrive sooner than
the plastic wave. The free surface velocity is affected by this interaction of the elastic
and plastic waves and can be observed ∼50 m/s in the velocity profile in Fig 5.2b.
(a) (b)
Figure 5.2: Experimentally measured (a) particle displacement history and the cal-
culated (b) partical velocity history at the free surface of 2 mm target plate (Mg2E2)
If the response was purely elastic, the rear surface velocity would jump to the
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value equal to the impact velocity upon the arrival of the elastic wave and remain
constant thereafter. The plastic wave travels at a slower speed and causes a slower
rise in velocity as observed in Fig 5.2b. The waves reflected from the free surface
travel back towards the impact surface of the target as well as the flyer. At the im-
pact surface, these waves interact with the ones reflected from the rear surface of the
flyer. In reality, there is some difference in the thickness of the flyer plate compared
to the target. Therefore, the waves reflected from the back surface of the flyer and the
target will arrive at the impact surface at slightly different times. The information
about the reflection of the waves from the impact surface arrives at a later time in
the experiment shown in Fig 5.2 and is seen in the free surface velocity history at
∼0.9 µs which is the time needed for the elastic wave to travel through the 2 mm
thick target 3 times (3 x tel1 ). If the response of the material remained purely elastic,
the free surface velocity would remain constant at 60 m/s and there will be no dip in
the profile as is observed here.
The experimentally measured free surface velocity histories for the 2 mm, 3.5
mm and 7 mm targets are plotted in Figures 5.3, 5.4, 5.5. Two examples of the
experimentally measured velocity profiles (from 2 different impact experiments) are
plotted for each thickness. The velocity calculated from one of the diodes (channels)
is shown for each of the experiments. Note that due to the difference in the target
thicknesses, the waves arrive at the free surface at different times for each target.
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The data is shifted so as to have the arrival time at the free surface as 0µs for ease
of visualization and comparison.
Figure 5.3: Experimentally measured particle velocity history at the free surface of 2
mm target plate
Figure 5.4: Experimentally measured particle velocity history at the free surface of
3.5 mm target plate
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Figure 5.5: Experimentally measured particle velocity history at the free surface of 7
mm target plate
Upon arrival of the elastic wave, the particle velocity at the free surface rises
rapidly. It appears that there is a change in the slope in the velocity history at ∼
15 - 20 m/s for targets of all thicknesses (Figures 5.3, 5.4, 5.5). Assuming that this





giving σHEL ≈ 97 MPa from these measurements for the average free surface velocity
of 17.5 m/s.
However, due to the complex strain hardening and strain rate dependent material
behavior, a single plastic wave likely does not develop. Instead, the initial sharp rise
in the velocity due to the elastic wave is followed by a gradual increase in the velocity
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as the information about the plastic deformation arrives at the rear surface. Another
break in the slope is observed in the velocity history around 40 - 50 m/s (Tests Mg2E1,
Mg3E1, Mg3E2, Mg7E1 and Mg7E2). This break in slope appears at lower velocities
for thicker targets (Fig 5.6). This is likely due to the interaction of the elastic and
plastic waves in the regions close to the free surface. The free surface velocity rises
to its peak value due to the arrival of the plastic wave at the rear surface.
It can be seen from figures 5.3, 5.4, 5.5 that there are differences in the velocity
profiles from different experiments for each target. For the 2 mm target (Fig 5.3),
the velocity for Test Mg2E2 is observed to rise to the peak value sooner than that for
Test Mg2E1. This is mainly due to the different level of misalignment (tilt) in the
two experiments. Test Mg2E2 has smaller tilt than Test Mg2E1 (based on the NDI
data). The velocity for the experiment with smaller tilt (Mg2E2) appears to rise to
the peak value faster that the experiment with higher tilt. There is also a difference
in the peak values of velocity between different experiments for the same thickness.
This difference primarily arises due to the slight differences in the impact velocities
for different experiments. Similar observations are made for the velocity histories for
the 3.5 mm target (Fig 5.4) and 7 mm target (Fig 5.5). The velocity rises to the peak
value faster for Test Mg3E1 (smaller tilt) as compared to Test Mg3E2. Similar is the
case for the 7 mm targets - Test Mg7E2 (smaller tilt) exhibits a faster velocity rise
compared to Test Mg7E1. It is observed from the experimentally measured velocities
that the target velocity does not appear to reach the impact velocity but remains
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slightly lower. It is likely that there is some residual velocity in the flyer which causes
the velocity of the target to be lower (due to the conservation of linear momentum).
Also, due to the misalignment (tilt) involved, there is a lateral component of velocity
and the normal velocity component is expected to be slightly lower than the measured
projectile velocity.
Figure 5.6: Experimentally measured particle velocity history at the free surface of
targets of different thicknesses
A comparison of the experimentally measured free surface velocity histories for
targets with the three different thicknesses is shown in Fig 5.6. The experiments
with smaller tilt (Tests Mg2E2, Mg3E1 and Mg7E2) were chosen for comparison
purposes. For all the thicknesses, an inflection point is observed at ∼15 m/s (could
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not be resolved well due to lack of high resolution data during this time) followed
by a change in the slope of the velocity time history in the range of 40-50 m/s. The
free surface velocity is observed to reach it’s peak value fastest in the case of the 2
mm target, followed by the 3.5 mm target and slowest for the 7 mm target. The
plastic wave travels at a slower speed than the elastic. Therefore, as the propagation
distance increases, the difference between the arrival times of the elastic and plastic
waves increases therefore resulting in the observed delay in reaching the peak velocity
for the thicker targets. Note that the impact velocity is not exactly the same for
different experiments due to the inherent variability in the experimental conditions.
This results in different values of the peak velocity reached by the target across
different experiments.
The plastic response of magnesium under plate impact loading is not well char-
acterized. Therefore, in order to understand the correlation between the observed
velocity profiles and the deformation mechanisms, we need to analyze the microstruc-
ture of the deformed plates. This will enable us to link the observed deformation
behavior and the resulting mechanical response.
5.2.2 Microstructural analysis
The target plates deformed under the normal plate impact loading were recovered
using the recovery setup discussed in Chapter 2. The microstructure of these targets
was analyzed using optical microscopy (Section 5.2.2.1) and electron back scattered
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diffraction (EBSD) (Section 5.2.2.3).
5.2.2.1 Optical microscopy
In order to investigate the effect of the plate thickness on the wave propagation
and the deformation mechanisms, the microstructure of the impacted plates of dif-
ferent thicknesses was analyzed. The pulse duration here is the time over which the
deformation (elastic + inelastic) occurs. The thickness of the plate determines this
duration through the time needed for the reflection of the waves from the free surface
back into the target plate. Therefore, the shortest pulse duration is for the 2 mm
target and the longest for the 7 mm target. The target plates of different thicknesses
were recovered after the plate impact loading and were sectioned into smaller speci-
mens for optical microscopy. Mechanical polishing down to 5µm with SiC paper was
performed and the specimen was then chemically etched with a solution containing
10% nitric acid in distilled water. The micrographs shown are of the specimens pre-
pared in such a way that the impact and the free surfaces are towards the left and
the right side of the image respectively (Fig 5.7). This point of view was chosen so
that any variation in the deformed microstucture through the thickness of the sample
will be captured. In Fig 5.8, the terminology used in describing the morphology of
the extension twins is shown.
The extension twins seen here are generally lenticular in shape. In many cases (but
not all) they are observed to originate from the grain boundaries or triple junctions.
135
CHAPTER 5. TWINNING IN EXTRUDED MG UNDER NORMAL IMPACT
LOADING
Figure 5.7: Schematic showing the central region of the target plate analyzed with
optical microscopy
The length of the twins is generally greater than the width. Therefore, it may be
argued that it is easier for the twin to grow in length rather than grow laterally to
increase the twin width. Many twins seem to run across the entire grain and are
stopped by the opposite grain boundary. For the twins that end inside a grain, we
identify the leading tip as the twin tip. The boundaries that define the twin width are
identified as twin boundaries. Several micrographs showing twins (Figures 5.9, 5.10
and 5.11) are shown for specimens of different thicknesses. The average twin length
and twin width were measured by analyzing these micrographs with the commercial
image analysis software ImageJ.
Target plates of the three different thicknesses (2 mm, 3.5 mm and 7 mm) were
polished and etched in order to understand the differences in the deformation char-
acteristics. The region at the center of the plate (as shown in Fig 5.7) was chosen
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Figure 5.8: Optical micrograph showing twins in a deformed magnesium target (Test
Mg2E2). The dark lenticular regions are twins. Various features in the twin mor-
phology are identified in the figure
for the investigation as this region is least affected by the unloading waves from the
boundary. In the case of the 3.4 mm and 7 mm targets, only the area within 2 mm
from the impact surface was analyzed for comparison with the 2 mm target. Fig 5.9
shows the microstructure of the deformed 2 mm target after etching. The etchant
attacks higher energy sites in the microstructure such as the grain boundaries and
the twin boundaries. The images show the microstructure such that the impact face
is towards the left side of the image and the free surface is towards the right side.
There is a variation in the microstucture in terms of the amount of twinning through
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the thickness of the 2 mm target as can be observed in Fig 5.9. Some regions are
heavily twinned whereas some regions are almost free of twins.
The microstructure of the 3.5 mm target is shown in Fig 5.10. In this case also
variation is observed in the microstructure in terms of the distribution of twins. The
overall number of twins is observed to be smaller in the 3.5 mm target as compared
to the 2 mm target.
Fig 5.11 shows the microstructure of the 7 mm target. A significant difference
in this microstructure can be seen as compared to the thinner specimens. There are
very few twins in the microstucture.
Figure 5.9: Optical micrograph of a 2 mm thick deformed target of 2 mm thickness
(Test Mg2E2). Direction of impact is from the left towards the right
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Figure 5.10: Optical micrograph of a 3.5 mm thick deformed target (Test Mg3E1)
Figure 5.11: Optical micrograph of a 7 mm thick deformed target (Mg7E2)
The average length of the extension twins was found to be ∼21 µm (over a range
of 10.2-37 µm) µm and the average width was found to be ∼4 µm (over a range of
1.6-5.4 µm) (based on the analysis of 6 micrographs, 2 for each sample thickness).
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5.2.2.2 Estimation of twin velocity
The average twin sizes (twin length and width) calculated from the micrographs
can be used to estimate the twin tip and twin boundary velocity. The approximate
pulse duration in the normal plate impact experiments is ∼1-2 µs. The deformation
twins that are observed in the deformed targets are formed within this time. The
twin length is generally observed to be much larger (comparable to the grain size)
than the twin width. We identify two velocities - twin tip velocity and twin boundary
velocity.
















The pulse duration for the 2 mm target (∆t = 1.1 µs is used here since the twin
size statistics are dominated by the 2 mm sample since it contains the most number
of twins). The twin tip velocity is greater than the twin boundary velocity based on
the twin morphology.
Note that these estimates are lower bounds on the twin tip and boundary veloc-
ities. The maximum time duration available for the twins to grow to the measured
sizes is the pulse duration. Twin growth may, however, happen during a fraction of
this time which will result in much higher twin tip and twin boundary velocities. Due
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to the nature of the experiment, only a post-mortem analysis is feasible which lets us
calculate bounds on the velocities and not the accurate values.
The finite element analysis presented in Section 5.3 shows that the plastic strain
rates are high only for a short duration ∼50 ns during the impact loading. Twin
growth likely takes place within this time. Therefore, the estimated twin tip and
twin boundary velocities based on this time duration are vT ip = 420 m/s and vTB =
80 m/s respectively.
5.2.2.3 EBSD analysis
Magnesium has two commonly observed modes of twinning - extension twinning
and contraction twinning (as discussed earlier). Double twinning is also observed
in some cases [25]. In order to characterize the twins induced by the normal plate
impact loading, electron back scattered diffraction (EBSD) analysis was performed
on the recovered specimens. The deformed target plates were recovered after the
experiment and sectioned by EDM to obtain specimens for analysis. These specimens
were then mechanically polished with SiC paper down to a 1200 grit (5µm) finish.
Electrochemical polishing was then performed using a LectroPol-5 system with a 5%
nitric acid in methanol electrolyte at 00C and a voltage of 20V. The specimens were
immediately placed inside the SEM to avoid surface oxidation. The EBSD technique
is very sensitive to the surface conditions due to the low penetration depth of the
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electrons (∼100 nm). The region at the center of the target plate was analyzed (as
shown in Fig 5.7).
Figure 5.12: EBSD inverse pole figure in the through thickness direction of the spec-
imen deformed under normal plate impact loading (Test Mg3E1)
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Figure 5.13: Misorientation angle distribution calculated from the EBSD data pre-
sented in Fig 5.12
The inverse pole figure as measured by EBSD is shown in Fig 5.12. Many lenticular
shaped twins can be observed. Most of these twins are extension twins as can be
observed from the misorientation angle distribution shown in Fig 5.13. The strong
peak in the 850-900 range corresponds to the extension twin boundaries present in
the microstructure. The morphology of these twins appears to be different than those
formed under the high strain rate loading imposed by the Kolsky bars. The twins
in this case are thin and coalescence of separate twins is generally not observed. We
performed a few high resolution scans in regions where the topology of the grains
looked interesting. One such example if shown in Fig 5.14. The inverse pole figure
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map shows that the twin is actually composed of different regions that correspond to
different orientations. The point-to-origin misorientation profile across the black line
in Fig 5.14 is shown in Fig 5.15.
Figure 5.14: EBSD inverse pole figure map of a region in a grain within a deformed
target (Test Mg3E1)
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Figure 5.15: The point-to-origin misorientation profile across the black line in Fig 5.14
The different colors in Fig 5.14 represent different crystallographic orientations as
represented by the map key in the inset of the figure. The orientation of the parent
grain is represented by the red color and is close to the (0001) orientation. The
point-to-origin profile (in Fig 5.15) represents the misorientation between each point
on the black line with respect to the parent grain orientation. In the line profile,
∼860 change in the misorientation is observed upon crossing the first extension twin
boundary to enter the green twin. Upon crossing the boundary between the green
and the yellow twins, a smaller misorientation of ∼380 (with repect to the parent
orientation) is observed. The yellow twin is actually a contraction twin most likely
formed through a double twinning mechanism. The misorientation relationship for a
double twin in magnesium has been discussed by Nave and Barnett [25]. The next
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crossing is the boundary between the yellow and the blue extension twin to enter
the blue twin which is ∼860 away from the parent orientation. The blue and the
green twins are both extension twins but have slightly different in-plane orientations;
one being the first order prismatic and the other being the second order prismatic
orientation respectively (as represented in the map key in the inset). These are known
as variants of the extension twin. There are six possible variants of the {10 − 12}
extension twin in magnesium. The respective twinning planes and directions are given
below (Table 5.3) [83].
Extension twin variants
(0 1 -1 2) [0 -1 1 1]
(-1 1 0 2) [1 -1 0 1]
(1 0 -1 2) [-1 0 1 1]
(0 -1 1 2) [0 1 -1 1]
(1 -1 0 2) [-1 1 0 1]
(-1 0 1 2) [1 0 -1 1]
Table 5.3: Extension twin variants [1]
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Figure 5.16: EBSD inverse pole figure map (a) An extension twin that nucleated from
a triple junction (b) Closer view of the portion marked by the black square with a
finer EBSD scan (Test Mg3E2)
Figure 5.17: Point-to-point (blue line) and point-to-origin (green line) misorientation
profile across the black line in Fig 5.16
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In many cases, the extension twins are observed to nucleate from the grain bound-
aries or triple junctions due to the local stress concentrations. An example of this
is shown in Fig 5.16. The higher resolution scan of the area marked by the black
square is shown in the figure on the right side. The higher resolution scan shows
the two different extension twin variants which were not well captured by the coarser
scan. The misorientation profile across the black line marked in Fig 5.16 is shown
in Fig 5.17. The point-to-origin (green line) misorientation profile shows that both
the blue and the green twins are extension twins that ∼860 away from the parent
orientation. The point-to-point (blue line) shows the misorientation between the two
extension twin variants. Many of the twins investigated in the analysis showed the
multiple twin variant structure. The blue and the green twin orientations appear to
correspond to the first and second order prismatic planes the misorientation betweeen
which is ∼300. In the case of the plate impact loaded specimens, nucleating multiple
twin variants appears to be favorable instead of growth of the same twin variant. The
dynamic nature of loading due to wave propagation most likely is the reason for the
observed twin morphology under which much shorter time is available to the material
to accommodate the deformation.
Plasticity in magnesium can be carried through two mechanisms - dislocation slip
and twinning. Which of these mechanisms is dominant depends upon multiple factors
- the nature of loading with respect to the orientation of the crystals, temperature,
loading rates etc. Both the mechanisms may be active depending upon the loading
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conditions. The optical micrographs shown above only bring out the twin boundaries
that exist in the microstructure. Information about dislocations cannot be obtained
from these images. Transmission electron microscopy analysis is needed to analyze
the dislocations in the material. The deformation mode in the material will depend
on the local stress state, loading rate and the local grain orientation. It is important
to analyze the effect of these variables in order to understand the differences in the
observed deformation. We have performed simulations mimicking the normal plate
impact experiment in Abaqus/Explicit to obtain estimates of the stresses and strains,
and this is discussed next.
5.3 Normal Plate Impact Simulations in
Abaqus/Explicit
In this section, normal plate impact simulations performed using the commercial
finite element package Abaqus are discussed. Due to the geometrical constraints
imposed by the uniaxial strain configuration of the normal plate impact experiment,
measurement of quantities is limited to the free surface. The particle velocity at the
free surface is the only measurement of the material response we have during the
experiment. If the material remained purely elastic during the deformation, the free
surface particle velocity history can be used to estimate the entire stress and strain
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history through the sample thickness. In our experiments, the material undergoes
plastic deformation and the response of the material under this plastic deformation
is not well characterized. The nature of the elastic-plastic wave propagation is such
that the stresses, strains etc. vary though the plate thickness during deformation.
Unless we know the precise elastic-plastic constitutive behavior of the plate material,
it is not possible to calculate the complete deformations through the thickness from
the measured quantities at the free surface.
In order to understand the reasons for the observed differences, it is instructive
to study the evolution of the stress, strain and strain rate in the targets during de-
formation. In order to obtain an estimate of the stresses and strains experienced by
the material during the deformation, we have performed finite element simulations
in Abaqus/Explicit mimicking the normal plate impact experiments. The observa-
tions presented in Section 5.2.2.1 show significant differences between the deformed
microstructures of the targets of different thicknesses. Therefore, simulations with
plates of three different thicknesses have been performed.
A magnesium flyer plate impacting a magnesium target plate is simulated using
a 2D plane strain configuration. The diameter of the flyer and target plates was
taken to be 25.4 mm and three different thickness values of 2 mm, 3.5 mm and 7 mm
were used to simulate the different experiments. The flyer plate is given an initial
velocity of 60 m/s and the target plate is initially stationary. The top and bottom
edges of the flyer and target plates are constrained to have zero displacement in the
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lateral direction in order to simulate the uniaxial strain condition. The schematic of
the setup is shown in Fig 5.18 below. The target and flyer plates were discretized
into elements of 10µm thickness. This thickness proved to be sufficient to ensure
convergence of the solution and no significant changes in results were observed for
elements of smaller thickness. The details of the development of the simulations are
given in Appendix. The strain rate dependent material model and the results are
discussed here for conciseness.
Figure 5.18: Simulation setup in Abaqus
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5.3.1 Strain rate dependent model based on ex-
perimental material behavior
The behavior of magnesium when compressed in the ED was discussed in Chapter
3. The flow stress is observed to be insensitive to the strain rate whereas the strain
hardening was observed to be strain rate dependent (the experimentally measured
stress-strain response during uniaxial stress compression at quasi-static and dynamic
strain rates is shown in Fig 5.19). The strain rate dependent response (as seen in
Chapter 3) of this material is such that the flow stress at yield in the ED direction
is not very rate sensitive. But the strain hardening behavior is sensitive to the strain
rate.
Figure 5.19: Stress-strain response of extruded magnesium under quasi-static and
dynamic compression in the ED
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In order to represent the actual material behavior more accurately, we use a strain
rate dependent elastic-plastic material model in Abaqus/Explicit that is based on
von-Mises plasticity. The rate dependence is implemented through a simple overstress
Cowper-Symonds power law in Abaqus/Explicit. This form of rate dependence results
in a yield stress that is strain rate dependent (which is not accurate for extruded
magnesium compressed in the ED). Although, this formulation does not capture the
actual material response accurately, this behavior was chosen for simplicity. The
experimentally measured stress-strain response at quasi-static and dynamic strain
rates was used to parametrize the rate dependent model. The overstress power law
is given as
˙̄εpl = D(R− 1)n (5.16)
where R = σ̄
σ0
, σ̄ ≥ σ0, with σ0 the static yield stress and ˙̄εpl the equivalent plastic
strain rate. D and n are material parameters.
The data from the quasi-static and dynamic (Kolsky bar) experiments performed
on this material is used to find the parameters D and n in the overstress power law.
Due to the rate dependence of the strain hardening, the choice of the strain at which
the flow stress values were picked will influence the values of the constants. We pick
the flow stress values at a strain of 5% at strain rates of 2×103s−1 and 4×103s−1 since
the confidence in the dynamic experimental data is low at smaller values of strain.
The value of the constants obtained using the experimental data was found to be D
= 26 x 103s−1 and n = 1.35.
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The experimentally measured quasi-static stress-strain response is represented by
the solid blue line in Fig 5.20 from which the value of σ0 was taken. The above
relationship gives stress-strain response at various rates as shown by the green and
black dashed lines. It can be observed that the power law does not accurately cap-
ture the high strain rate behavior that is observed experimentally (represented by
the red line). Therefore, the results of the simulation are not expected to reproduce
the actual strain rate dependent material response accurately but provide us with a
general understanding of the material behavior. The variation in the flow stress with
strain rate calculated from the overstress power law (using the stress values at 5%
strain) is shown in Fig 5.21 by the solid blue line. The black, red and green markers
show the experimental values, each at a different strain rate. Note that if the stress
value at a different value of strain are chosen to parametrize (D and n) the overstress
power law, the nature of the blue line will change.
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Figure 5.20: Strain rate dependent material behavior obtained using the overstress
power law
Figure 5.21: The flow stress at various strain rates generated from the overstress
power law model (at 5% strain)
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The overstress power law rate dependence was implemented in the Abaqus sim-
ulations. The results from these simulations are presented here. Fig 5.22a shows
the free surface velocity profiles for targets of different thicknesses generated using
this power law rate dependent model. The velocity is observed to rise rapidly upon
arrival of the elastic wave. A change in slope around 25-30 m/s is calculated here for
plates of all thicknesses which appears to correspond to the HEL. The yield strength
under quasi-static loading is 60 MPa which is an input to the model. This gives us an
expected σHEL = 130 MPa (based on σHEL =
1−ν
1−2νY0 [117]). Then the expected free




ρcelv). Due to the rate dependent model used here, slightly higher
free surface velocities resulting in higher HEL are expected for the dynamic loading.
This range of velocity values obtained from the simulations is slightly higher than
the range (15-20 m/s) observed experimentally. Due the strain rate dependent yield
given by the material model used in the simulations, the yield limit is observed to be
different for different target thicknesses (higher for smaller thickness). Beyond the
first change in slope, the velocity is observed to increase at different rates for different
target thicknesses (slower for thicker targets). Another change in slope is observed
around 50-55 m/s for all the targets. This change corresponds to the interaction of
elastic and plastic waves. In the region close to the rear face, the elastic release wave
from the free surface arrives sooner than the loading plastic wave. Their interaction
causes the change in slope observed and the velocity gradually rises to a peak value
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due to the arrival of the plastic wave at the rear surface. This is also observed in the
experimentally measured velocity histories especially for the 7 mm target in Fig 5.6.
For the thinnest 2 mm target, the velocity is observed to reach the peak value faster
as compared to the thickest 7 mm target. Although the velocity values corresponding
to the change of slope and the rates of change of velocities are slightly different in the
simulations, the overall nature of the velocity history is similar to the experimental
observation (Fig 5.6). Since our intent here is to get an estimate of the stresses, strains
and strain rates observed in the experiment and not to obtain the accurate values,
this model suffices for the purpose. If we wish to obtain an accurate measure of these
quantities, a user defined material model (UMAT) that accounts for the anisotropy,
strain hardening and strain rate dependence of the material will be necessary.
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(a) (b)
Figure 5.22: Free surface velocity time history for different target thicknesses obtained
from (a) simulations with the rate dependent material model and (b) experimental
measurements
A comparison of the computed von-Mises stress history at 1 mm from the impact
face is shown in Fig 5.23 a for different target thicknesses. The history of the normal
stresses σ11 and σ22 at the same location is also shown. Note that the magnitude
of the normal stresses is quite high (∼300 MPa) compared to the yield strength in
uniaxial compression (60 MPa) of the material. Due to the uniaxial strain constraint,
plastic flow occurs when the equivalent stress (von-Mises) reaches the uniaxial stress
yield limit. The stresses rise above the initial yield limit upon arrival of the elastic
wave at this location and plastic flow occurs. The material remains under a high
stress until the reflected elastic wave unloads the stress (at ∼0.5 µs for the 2mm
target - blue curve). The stress rises again due to the reflected plastic wave from the
rear free surface and causes increase in the plastic strain. Similar behavior is observed
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for the 3.5 mm and 7 mm targets.
The corresponding equivalent plastic strain history is shown in Fig 5.24. The





εp : εp. There is a sharp rise in the plastic strain at this time at which
stress exceeds the yield limit (or the arrival of the plastic wave) for all the plate
thicknesses (@ 1 mm from the impact face) (Fig 5.24). The plastic strain increases
very slowly until the reflected plastic wave from the free surface causes the stress at
this location to increase beyond the yield limit. Another sharp rise in the plastic
strain is observed then. The peak values of the equivalent plastic strain reached for
different thicknesses are slightly different. This difference most likely arises due to the
dependence of the flow stress on the strain rate and the duration of the deformation.
(a) (b)
Figure 5.23: (a) Von Mises stress time history and the (b) longitudinal and lateral
stress time histories at 1 mm from the impact surface
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Figure 5.24: Equivalent plastic strain time history at 1 mm from the impact surface
The evolution of plastic strain through the thickness for different target plates is
shown in Fig A13a. For all the target thicknesses, the accumulated equivalent plastic
strain is the highest at a location close (within ∼0.5 - 1 mm) to the impact face.
The accumulated plastic strain decreases towards the free surface reducing to zero at
the free surface. Therefore, we can see that the plastic strain is accumulated in an
inhomogeneous way through the target thickness.
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(a) (b)
Figure 5.25: Accumulated equivalent plastic strain distribution through targets of
various thicknesses calculated with a rate dependent model plotted (a) over distance
from the impact face (b) along the first 2 mm from the impact face
The accumulated equivalent plastic strain in the region 2 mm from the impact face
for targets of all thicknesses is shown in Fig A13b for comparison. It can be observed
that the distribution of the accumulated plastic strain varies for different targets. The
value of the accumulated plastic strain rises to a peak value closer to the impact face
for the 2 mm target (blue line) as compared to the thicker targets (green and red
lines). The peak plastic strain is observed to be around 0.2 mm from the impact face
for the 2 mm target. The plastic strain reduces with distance from the impact face
beyond the peak value and is zero at the target rear surface. The strain rate history
within the 2 mm target is shown in Fig 5.26 for different locations within the target.
It can be observed from the figures that the strain rate jumps correspond to the times
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at which the plastic wave arrives at the location - in each case, once from the initial
plastic wave propagation and second from the reflected plastic wave from the target
rear surface. The magnitude of the strain rate experienced at different locations is
highest at the impact face and decreases as we get closer to the rear surface. The
magnitude of the strain rate associated with the plastic wave decays with propagation
distance. The strain rate imposed due to the reflected plastic wave at a location is
lower than that imposed due to the initial plastic wave at the same location.
In Figure 5.27, the strain rate history at a fixed location (1 mm from the impact
face) is shown for targets of different thicknesses. The figure shows that the magnitude
of the plastic strain rate imposed by the first plastic wave is the same at this location
for all targets. The magnitude of the strain rate imposed by the reflected plastic
wave (from the target rear surface) is different for different target thicknesses. The
magnitude is the highest for the thinnest target (2 mm) and the lowest for the thickest
target (7 mm). Therefore, the computed average strain rate at this location due to
the two plastic waves is highest for the 2 mm target and lowest for the 7 mm target.
To summarize, the plate impact simulations performed in Abaqus/Explicit show
that the stress, strain and strain rates evolve non-uniformly through the target thick-
ness. A comparison between targets of different thicknesses suggests that the average
strain rate at a given location is highest for the 2 mm sample and lowest for the 7
mm sample. The overall nature of the free surface velocity histories calculated from
the simulations agree with the experimental measurements. The exact values do not
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match which is expected due to the assumed simplified dependence on strain rate in
the simulations.
Figure 5.26: Strain rate history at various locations in the 2 mm target (from
Abaqus/Explicit simulations)
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Figure 5.27: Equivalent plastic strain time history at 1 mm from the impact surface
(from Abaqus/Explicit simulations)
5.4 Comparison with results from Kolsky
bar experiments
In this section, we compare the characteristics of the deformation twins induced
by the Kolsky bar loading with those induced by the normal plate impact loading.
The morphology of the twins induced by the high strain rate deformation in the
Kolsky bars (Chapter 3) appears to be significantly different from the morphology of
the twins induced under the normal plate impact loading (Section 6.3). The possible
reasons for these differences are explored here.
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The loading conditions that are imposed on the material under the Kolsky bar
and impact experiments are listed in Table 5.4. Note that in both the experiments,
the material was loaded in the extrusion direction. Therefore, the texture of the ma-
terial with respect to the loading is the same in both cases. The texture is such that
the c-axes in most grains are oriented in a plane perpendicular to the ED/loading
direction. Therefore, the compression or the impact load applied in the ED imposes
an indirect tension along the c-axes of most grains.
Loading conditions Kolsky bar Plate Impact
State of stress Uniaxial stress
Triaxial stress
(due to uniaxial strain condition)
Accumulated plastic strain 3.5% 0.35%
Strain rate (ε̇) 103s−1 103-105s−1
Time duration ∼200 µs ∼1-2 µs
Time at high ε̇ ∼150 µs ∼50 ns
Table 5.4: Comparison between the loading conditions under Kolsky bar and normal
plate impact loading
However, the stress states in the two experiments are very different. In the uniaxial
compression loading imposed by the Kolsky bars, the material is free to expand in
the lateral direction to accommodate the plastic deformation. As a result, significant
amount of plastic strain can be accommodated in the material. The deformation
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typically takes place under a uniform strain rate (of the order of ∼103s−1) across
the specimen. After the stresses have been equilibrated, the deformation takes place
typically over ∼200µs depending on the specimen dimensions and the strain rates
imposed.
In the case of the plate impact loading, the deformation is carried in the longi-
tudinal direction. Due to the uniaxial strain condition, the material cannot expand
freely in the lateral direction. The stresses in the lateral direction build up as a result.
Due to the stresses in the three directions, a much higher stress amplitude is needed
to cause severe plastic deformation. As a result, the total strain accumulated in the
sample deformed under plate impact loading is small. The typical duration of the
plate impact experiment is typically < 2µs. Therefore, as compared to the Kolsky
bar experiments, much less time is available for the deformation (under plate impact
loading). The strain rates typically vary through space and time and are typically in
the range of 103s−1−105s−1, but the rates are large only for times of the order of ∼50
ns. Due to these differences in the loading conditions in the plate impact and Kolsky
bar loading, the characteristics of the twins induced in these two cases are expected
to have significant differences.
Here we compare the stresses and strains that result from the Kolsky bar load-
ing with that from the plate impact loading and relate them to the observed mi-
crostructural features. The stress strain response from a high strain rate Kolsky bar
experiment is shown in Fig 5.28. The arrow shows the stress and strain at which a
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similar test was stopped (∼ 70 MPa, 3.5% strain) to obtain a sample for microstruc-
tural analysis (shown in Fig 5.30a). Fig 5.29 shows the Mises equivalent stress (S
Mises) and the longitudinal stress (S11) generated in the plate impact experiment
as calculated by the Abaqus/Explicit simulation. The longitudinal stress is much
higher (∼300 MPa) in the plate impact condition as compared to the stress in the
Kolsky bar experiment (∼70 MPa). The von-Mises equivalent stress (70-80 MPa) is
comparable to the stress in the Kolsky experiment upto which the specimen shown
in Fig 5.30a was loaded. Note that the accumulated plastic strain is significantly
different in the two cases. The EBSD inverse pole figure of this specimen is shown
in Fig 5.30a. The EBSD inverse pole figure for the material deformed under the
normal plate impact loading is shown in Fig 5.30b. If we compare the strain rate in
the two cases, the Kolsky bar specimen experiences an average strain rate of 103s−1
whereas in the plate impact case the strain rate varies locally depending on thickness
of the plate. The local strain rate in the case of the 2 mm specimen is ∼ 103−105s−1.
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Figure 5.28: Stress vs. strain response from a high strain rate Kolsky bar experiment
(a) (b)
Figure 5.29: Stresses obtained from the Abaqus simulations of the plate impact ex-
periment (a) S Mises (MPa) (b) Longitudinal stress S11 (MPa)
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(a) (b)
Figure 5.30: EBSD inverse pole figures of magnesium deformed under (a) High strain
rate compression in Kolsky bars (to a strain of ∼3.5% and (b) Normal Plate Impact
loading (to a strain of ∼0.35%)
Plastic deformation in magnesium can be accommodated through dislocation slip
and deformation twinning (as discussed earlier). Which of these mechanisms dom-
inates depends on several factors such as the nature of loading with respect to the
texture of the material, temperature, rate of loading etc.
Let us assume that both slip and twinning are active in the deformation of mag-
nesium under plate impact loading. The increment in total plastic strain can be
decomposed into the strain increment due to dislocation slip (δγd) and the strain
increment due to twinning (δγt).
δγ = δγd + δγt (5.17)
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where the strain due to twinning can be written as
δγt = δf γ̂t (5.18)
where γ̂t is the theoretical twinning shear (0.129 for extension twins in magnesium)
and δf is the increment in the twin volume fraction [2]. If w is the average twin
width, L is the average twin length and D is the grain diameter, for N number of





The value of the average twin length (measured in samples deformed under both
Kolsky and plate impact) is close to the average grain diameter, and therefore, equa-





We refer to N as the average twin number density (i.e. the number of twins per grain).








If vTB is the twin boundary velocity, the width of the twin can be written as
w = vTBδt (5.22)
We assume for simplicity that the twin boundary velocity is constant for each twin
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The first term accounts for a rise in the twin number density due to twin nucleation
whereas the second term accounts for the growth of the existing twins.
Equation 5.17 is therefore given as







In order to address the differences observed in the twinning characteristics in the plate
impact samples as compared to the Kolsky bar samples, we consider four main aspects
of twinning: twin volume fraction, twin density, twin morphology and type/nature of
twins. The micrographs of the deformed Kolsky bar (3.5% strain) and plate impact
targets (2 mm, 3.5 mm and 7 mm) were analyzed to measure the values of the twin
volume fraction, average twin density and morphology, which are listed in Table 5.5.
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Observation Kolsky bar Plate Impact
Twin volume fraction f = 0.162 (measured) f = 5.6 x 10−4 (calculated)
(favg = 1 - exp[-(
ε
κ
)a]) (@3.5% strain) (@0.35% strain)
Twin width (w) (µm) wavg=7 (4.7-11.9) wavg = 4(1.6− 5.4)
Twin length (L) (µm) Lavg=21 (10-34) Lavg=21 (10.2-37)
Twin number density
(Navg) 4.6 (1 - 9)
5 (2 - 11) [2 mm target]
2.8 (1-6) [3.5 mm target]
1.1 (1-2) [7 mm target]
Twin variants Growth of a single variant Multiple variants
Table 5.5: Comparison of the twinning characteristics under Kolsky bar and normal
plate impact loading
The twin number density is defined as the number of twins per grain. The average
twin number density for the sample loaded in the Kolsky bar to 3.5% strain was
measured to be 4.6 with a range of (1-9). Note that this value actually may be slightly
higher since some of the twins had coalesced with other twins and led to a lower twin
count. The twin densities developed in plate impact vary substantially. Table 5.5
shows that the average twin number density for the 2 mm target was estimated to
be 5 with a range of (2 - 9) twins per grain. This value is similar to the Kolsky bar
specimen with 3.5% strain. The twin number densities for the thicker targets are
lower (2.8 and 1.1 for the 3.5 mm and 7 mm targets respectively).
Twin nucleation in magnesium has been observed to depend on the local stress
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concentrations. The Schmid factors of the twin variants appear to have some influence
on which variants are nucleated but is not a dominant factor [41]. Grain boundaries
are assumed to be nucleation sites for extension twins in polycrystalline magnesium
due to the high stress concentrations produced by the defect structure associated with
them. The material in the case of the Kolsky bar and plate impact loading is the
same and therefore expected to have a similar grain boundary structure. Therefore,
in the loading configurations where twinning is the dominant mechanism, we expect
to see similar twin density for the two cases.
In the constitutive model developed in Chapter 4, an empirical formulation for
the evolution of the measured twin volume fraction with strain was developed. The
twin volume fraction is given as
f(ε) = 1− exp[−( ε
κ
)a] (5.25)
where κ and a are constants and ε is the plastic strain.
The twin volume fraction based on this formulation for the sample strained to 3.5%
under Kolsky bar loading is f = 0.162 (consistent with the experiments from which
the fit was derived). The nominal plastic strain in the plate impact loaded samples
is very small. It is estimated to be ∼0.35% from the Abaqus/Explicit calculations.
Assuming the same values for the twin evolution parameters (Eq 5.25) as that for the
Kolsky bar loading, (a=2.5 and κ=0.07) , the twin volume fraction in the case of the
plate impact loading is calculated to be f = 5.6 x 10−4. Therefore, we expect to see
a very small volume fraction of twins in the samples deformed under plate impact
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loading according to the strain based volume fraction evolution. Of course the values
of the parameters κ and a may depend on the loading conditions.
Extension twins can accommodate large amount of plastic strain based on the
theoretical twinning shear. Using the above values of twin volume fraction, the plastic
strain accommodated by twinning is calculated. For the Kolsky bar specimen strained
to 3.5%,
γt = fγ̂t = 0.02 (5.26)
Therefore, it can be seen that a significant portion (∼57%) of the plastic strain is
accommodated through twinning.
For the plate impact sample,
γt = fγ̂t = 7× 10−5 (5.27)
In the plate impact loading, the fraction of the strain (∼2%) accommodated
through twinning is very small. For the extremely small value of plastic strain carried
by twinning, very infrequent observations of twins in the microstructure is expected.
Therefore, significant dislocation activity may occur to accommodate the remainder
of the plastic strain. This may be the case in the 7 mm targets where very few twins
are observed.
Note that the twin volume fraction formulation given in Eq 5.25 is for deformation
under uniaxial stress. Under uniaxial strain conditions, this relationship is expected
to be different. The twin volume fraction predicted by this formulation under the
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plate impact loading is very small and a higher twin volume fraction is observed in
the 2 mm and 3.5 mm targets.
Significant twinning is observed in the center of the target in the 2 mm sam-
ples. The apparent volume fraction of twins in the region appears to be much higher
(∼10%). This number is based on the regions that are heavily twinned. Our observa-
tions suggest that the microstucture of these targets is inhomogeneous, and there are
several regions devoid of twins. Therefore, the volume fraction of twins averaged over
the entire collection of grains is expected to be much smaller. The reasons for the
observed differences in the amount of twinning in the targets of different thicknesses
is still unclear.
The twin volume fraction in the plate impact loading can be calculated using the
average twin sizes and number density given in Table 5.5. The expression in Eq 5.23
assumes uniformity of deformation in the material. The microsturctural observations
indicate that twinning is not uniform and the effect of this inhomogeneity needs to





where Gt is the number fraction of twinned grains (Gt =
No. of twinned grains
No. of grains
).
It is observed from the micrographs of the deformed samples that there are dif-
ferences in the morphology of the twins in the Kolsky bar sample as compared to the
plate impact sample. The average twin width and twin length in the Kolsky bar and
plate impact samples were calculated using ImageJ and are listed in Table 5.5. The
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average twin length in the two cases is similar but the average twin width is higher
in the case of Kolsky bar specimens. Let us consider equation 5.23 and assume that
contribution to the twin volume fraction from the nucleation of twins is similar for
the two cases (first term). The contribution from the growth of existing twins (given
by the second term) is different.
We assume that the twin boundary velocity is constant. The time duration avail-
able for the growth of twins is very different for the two cases as seen from Table 5.4.
We hypothesize that since much longer times are available for the twins to grow in
the case of the Kolsky bar loading, the twins can grow to much larger twin widths,
therefore giving rise to a higher volume fraction. The very short durations available
for the twins to grow in the case of plate impact experiment is the reason for the low
twin volume fraction. The time duration in the Kolsky bar experiments (∼100µs) is
much higher than the plate impact experiments (∼1µs). Therefore, for a constant
twin boundary velocity, we expect to see twins of larger widths from equation 5.22.
The twins observed in the Kolksy bar specimens are larger, but not 100 times larger as
suggested by this assumption of constant twin boundary velocity. Therefore, the twin
boundary velocity is likely not constant but is dependent on the loading conditions
such as strain rate.
The types of twin variants observed in the Kolsky bar loading are also different
from the plate impact loading. In the Kolsky bar loaded samples, one twin variant was
observed to dominate the deformation process (discussed in detail in Chapter 3). In
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the case of plate impact samples, multiple twin variants are observed in many cases
(Figures 5.14, 5.16). The reason for this observation is not clear. One hypothesis
is that in both cases, multiple twin variants are nucleated but the growth of one
twin variant dominates and takes over the other variant. Due to the longer time
duration available in the Kolsky bar loading, the growth of a single twin variant may
dominate the deformation whereas due to the short time duration available in the
plate impact loading, the twins may not grow as much and the different twin variants
can be observed. Since the strain in the Kolsky bar sample that was analyzed is much
higher that the plate impact sample, we may be unable to observed the different twin
variants that may have existed at smaller strains.
5.5 Summary
The main findings from the experimental and computational investigation of the
deformation of magnesium under normal plate impact loading are summarized here.
Normal plate impact experiments were conducted on extruded magnesium at impact
velocities in the range of 60-70 m/s. Deformation twinning was observed under normal
plate impact loading of microsecond duration. The extension twins formed under this
loading were observed to be thin and contained multiple twin variants in many cases.
Double twinning was also observed. The stresses and strains under this loading are
inhomogeneous through the thickness of the plates. This leads to inhomogeneity in
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the deformation characteristics through the target thickness. There are some regions
that are heavily twinned whereas others are devoid of twins.
The effect of plate thickness/pulse duration on deformation twinning was also
studied. It was found that the propensity for twinning was highest in the thinnest
plate (2 mm) and decreased with increasing plate thickness for similar impact veloc-
ities. The reasons for this observation are unclear and further analysis is necessary.
Finite element simulations of the plate impact experiments in Abaqus/explicit
show that the stresses, strains and strain rates imposed in this loading are inhomo-
geneous through the thickness. The strain rates are of the order of ∼ 104 − 105s−1
but the time durations are much shorter ∼100 ns.
The morphology of the extension twins formed under the high strain rates imposed
over very short durations of time is different that that observed under the Kolsky bar
loading of ∼ 103s−1. The twin volume fraction is observed to be significantly higher in
the samples deformed under Kolsky bar loading as compared to the samples deformed
under plate impact. The longer time duration available for the growth of twins (in
Kolsky) appears to the main reason for the significant differences in the twinning
characteristics in the plate impact loading as compared to the Kolsky bars.
An estimate of the lower bound on the twin tip and twin boundary velocity was
obtained and the values were found to be of the order of m/s. The twin tip velocity
appears to be higher than the twin boundary velocity based on the twin morphology.
This analysis suggests that deformation twinning is activated in magnesium under
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triaxial stress states (imposed by the uniaxial strain condition) at high strain rates (of
microsecond duration). The volume fraction of twins under this loading are typically
low and hence their effect on the overall texture of the material is not significant as
compared with the Kolsky bar loading.
In this analysis, the dislocation activity in the material was not studied. It will
be useful to study the dislocation structures inside the deformed targets with a TEM
analysis. This will enable us to gain insight into the competition between the slip
and twinning mechanisms under dynamic loading. The contribution of dislocation
slip to the overall plastic strain will enable us to understand the reasons behind the
observed microstructural differences in the targets of different thicknesses.
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Chapter 6
Twinning in single crystal Mg
under impact loading
6.1 Introduction
The recent interest in the increased use of magnesium in engineering applications
has triggered the development of significant research into the deformation of this metal
and its alloys [61, 119, 120]. The effects of texture, solutes, precipitates, and loading
conditions such as temperature, strain rate etc. are being evaluated [55]. However,
in order to build a complete understanding of the behavior of this material, it is
important to understand the fundamental deformation mechanisms in single crystal
pure magnesium and this is our intent here.
Magnesium has a hexagonal close packed (HCP) crystal structure, and the defor-
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mation modes of this material consist of both slip and twinning systems. Slip can
occur on the basal (0002) plane, prismatic {011̄0} planes and the {112̄2}, {011̄1}
and {101̄2} pyramidal planes in magnesium [121]. In addition to the slip modes,
extension twinning on {101̄2} planes and compression twinning on the {101̄1} and
{101̄3} planes is also observed in magnesium [34, 122]. Several experimental studies
have been conducted on single crystal magnesium over the last decade. These studies
include experiments on bulk single crystals as well as recent experiments on microm-
eter sized crystals. Occurence of pyramidal 〈c + a〉 slip under c-axis compression of
Mg single crystals was observed by Obara et al. and Kitahara et al. [35,38] and more
recently by Syed et al., Xie et al.(in preparation) and Byer et al. [100,123]. Prismatic
{011̄0} and pyramidal {101̄1} slip were observed by Reed-Hill and Robertson [124]
when single crystal Mg was compressed parallel to the 〈a〉 axis. Xie et al. observed
extension twinning together with 〈a〉 slip and 〈c + a〉 slip inside extension twins in
single crystal Mg compressed parallel to the basal plane. Under tension parallel to
the basal plane, multiple types of contraction twins - {303̄4},{101̄3},{101̄1},{011̄0}
etc. were observed by Reed-Hill and Robertson [125] and Yoshinaga et al. [34]. The
study by Chapuis and Driver [39] showed that some of these slip and twin systems
(such as pyramidal slip, contraction twinning) are temperature dependent whereas
the others are not (extension twinning). From these studies, it is apparent that basal
slip and extension twinning are the most prevalent modes of deformation in single
crystal magnesium under many loading conditions. There is less of an agreement
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on the loading conditions under which prismatic and pyramidal slip and contraction
twinning are activated.
All of the studies mentioned previously on single crystal magnesium are in the
regime of quasi-static loading. It is important to build a fundamental understanding
of the deformation of single crystal magnesium under a variety of loading conditions
in order to build better physics-based predictive models.
We are interested in the deformation of single crystal magnesium under dynamic
loading conditions. To the author’s knowledge, only one study has been performed
on the dynamic deformation of single crystal magnesium under uniaxial stress [126].
This study investigated the behavior of single crystal magnesium under 〈c〉 axis com-
pression under Kolsky bar loading. Secondary pyramidal slip was found to be the
dominant deformation mechanism under the uniaxial compression loading of 103s−1.
There have been no studies of the dynamic deformation of single crystal magnesium
compressed along the 〈a〉 axis under uniaxial stress to the author’s knowledge. This
type of loading is observed to activate multiple deformation modes at quasi-static
strain rates (Xie et al, in preparation). Recently, shock and spall experiments were
also performed on single crystal Mg [127, 128] and some evidence of twinning was
observed. Some impact/shock experiments have been conducted on magnesium and
its alloys [75,77]. In these studies, the impact velocities were high enough to generate
shock in the material. Millett et al. investigated the response of the magnesium
alloy AZ61 to shock loading. The shock response and the spall behavior of the mag-
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nesium alloy Elektron 675 were studied by Hazell et al. by impacting the material
along the extrusion direction and perpendicular to the extrusion direction. In these
magnesium alloys, deformation twinning was observed (in the case of Hazell et al.)
and hypothesized (in the case of Millett et al.) to occur under shock loading. To
the author’s knowledge, no experiments on pure magnesium single crystals in the low
velocity impact range have been reported.
The deformation of pure polycrystalline extruded magnesium under low velocity
impact (∼60 m/s) was studied in Chapter 5 (Section 5.2) and twinning was observed.
Here, we are interested in understanding the dynamic deformation mechanisms in
single crystal magnesium under normal impact loading along the 〈a〉 axis. This
loading imposes very high strain rates locally (of the order of 104 - 105s−1) under a
condition of uniaxial strain. The effects of the triaxial stress state and the interaction
of the impact induced waves with the material will enable us to gain insight into the
dependence of the deformation mechanisms on the nature of loading. We perform
analyses of the post-deformation microstructure using optical microscopy and electron
back scattered diffraction (EBSD), and compare this with that seen in the specimens
deformed quasi-statically along the same orientation.
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6.2 Experiments
Normal plate impact experiments were performed on magnesium single crystals
of 99.999% purity. In these experiments, a stationary target plate is impacted by a
flyer plate launched by a gas gun at a certain velocity. The single crystal material
was purchased from Metal Crystals and Oxides in the form of a cylindrical rod of
25.4 mm diameter. A cylindrical plate of 3.5 mm thickness was machined from it
using electrical discharge machining (EDM). This served as the target plate in the
experiment. The flyer plate was of the same dimensions as the target and was made
out of extruded pure magnesium machined by EDM. The experimental configuration
is shown in Fig 6.1. Both the front and rear surfaces of the target and the flyer plates
were lapped with a 15µm boron carbide based lapping slurry to ensure flatness. This
was followed by careful mechanical polishing of the rear surface of the target to a
finish of 1µm or better. The rear surface of the target plate is required to have a
mirror-like finish in order to perform interferometric measurement of the free surface
velocity.
The single crystal target plate was oriented such that the crystallographic 〈a〉 di-
rection was along the axis of the cylinder. This was also the direction of impact. The
texture of the extruded magnesium flyer was such that most basal planes were aligned
in the extrusion direction (ED) which is in the direction of impact. This texture of
the flyer plate provides a better configuration to have a close to symmetric impact
due to its close match with the single crystal orientation. Therefore, the nature of the
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impact loading with respect to the orientation/texture of both the target and flyer
plates is such that the 〈c〉 axis will experience indirect extension from the imposed
compression parallel to the basal plane. Extension twinning is a favored deformation
mechanism under this loading configuration under uniaxial stress conditions. It is
important to note that the plate impact configuration imposes restriction on strain in
the lateral direction (due to the uniaxial strain condition in the impact direction), and
results in stresses in the lateral direction. Hence, the deformation modes observed
here may be significantly different from those observed under uniaxial stress condi-
tions. Since we have a basic understanding of the deformation modes in single crystal
Mg compressed in this direction at quasi-static rates (Xie et al., in preparation), the
same orientation was chosen to apply the dynamic impact loading. This enables us
to understand the effect of the dynamic loading and the triaxial stress state on the
dominant deformation mechanisms.
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Figure 6.1: Experimental configuration for the normal plate impact experiments con-
ducted on single crystal Mg
The experimental configuration for the normal plate impact experiment is shown
in Fig 6.1. Upon impact, longitudinal compressive waves are generated in both the
target and the flyer plates. If the impact velocity generates a stress higher that the
yield limit of the material, the wavefront decomposes into elastic and plastic waves.
The wave propagation in the idealized case of a single elastic and plastic wave is
shown in Fig 6.2. Since we are interested in the inelastic deformation of the material,
we chose the same impact velocity (∼60 m/s) as used for the polycrystalline case
in Chapter 5. The polycrystalline material underwent inelastic deformation under
this impact velocity. The normal plate impact recovery setup designed by Jia and
Ramesh [79] described in Chapter 2 was used in order to recover the single crystal
target plate after impact for microstructural analysis. The recovery setup consists of
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a stopper which absorbs the kinetic energy of the projectile after the initial impact.
Figure 6.2: x-t diagram showing elastic-plastic wave propagation in the normal plate
impact experiment on single crystal Mg
Test ID Plate thickness (mm) Projectile Velocity (m/s) Tilt (milliradians)
Mga1 3.5 55 0.78
Mga2 3.5 58 0.22
Table 6.1: List of normal plate impact recovery experiments on single crystal Mg.
Impact was along the 〈a〉 axis
The projectile velocity prior to impact was measured with a laser line velocity
measurement system originally designed by Ramesh and Kelkar [80]. Two experi-
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ments were conducted on single crystal Mg with similar impact velocities (Table 6.1).
The misalignment between the impact faces of the target and flyer plates was also
measured using a tilt circuit. The experimentally measured data for the test with
smaller misalignment (Mga2) is presented here (Fig 6.3). A normal displacement
interferometer (NDI) was used to measure the particle velocity at the rear surface of
the single crystal Mg target. The experimentally measured displacement and velocity
history at the target rear surface is shown in Figure 6.3.
Upon impact, longitudinal elastic and plastic waves are generated in the flyer
and target plates. The elastic wave travels at a higher speed than the plastic wave
(cel > cpl). These waves propagate through the thickness of the plates, reach the rear
surface which is stress free and are reflected back into the plates. Each plane through
the thickness of the plates experiences different stress and strain histories due to the
nature of the elastic-plastic wave propagation. The regions closer to the impact face
experience the elastic wave first followed by the plastic wave. In the regions close to
the rear surface, the elastic wave reflected from the free surface may arrive at a given
location earlier than the loading plastic wave depending on the relative wave speeds.
Therefore, the stress state and deformation history experienced in different regions
varies due to the complex wave interactions especially at longer times. In the regions
close to the impact face, the stresses build up rapidly upon impact. These regions
remain in this stressed condition until the reflected waves from the free surface arrive.
These regions experience high amplitudes of stress for the longest time. In contrast,
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the regions closest to the free surface of the target experience the high stresses for
the shortest time.
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Figure 6.3: Experimentally measured (a) displacement history and (b) velocity history
at the free surface of the single crystal Mg target plate (Mga2) under normal plate
impact loading
The free surface displacement and velocity histories (shown in Fig 6.3) have been
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shifted such that the elastic wave arrives at the free surface at zero time. The particle
velocity at the target rises sharply to ∼43 m/s upon arrival of the elastic wave.
Thereafter, a dip in the velocity profile is observed that reduces the velocity to about
30 m/s. The velocity rises again gradually to a value of ∼54 m/s likely due to the
arrival of the plastic wave. Since the velocity history is derived from the displacement
history, a similar trend is seen in the displacement profile as well. The rate of change
of displacement is initially high, decreases slightly thereafter but then finally rises
gradually (Fig 6.3a). The free surface velocity history in this case is observed to be
significantly different from that in the case of extruded polycrystalline Mg impacted
in the ED. In the polycrystalline material, no dip in the velocity was observed after
the first sharp rise but a more gradual increase to the peak velocity was observed
(Chapter 5).
The shock and spall respone of single crystal magnesium was recently measured
by Kanel et al. and Winey et al. [127,128]. Winey et al. performed shock and release
experiments along (0001) oriented single crystals. Kanel et al. investigated the shock
and spall behavior of crystals impacted along (0001) axis, normal to the (0001) axis
and at an angle of 450 to it. The HEL was measured to be different in different
directions. The free surface velocity profiles measured in these experiements also
show the sharp spike associated with the elastic precursor followed by a decay in the
amplitude after which the rise in the velocity due to the shock wave is observed. This
feature is observed for the (0001) oriented crystal and the (101̄0) oriented crystal but
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not for the crystal oriented 450 away from the c-axis [127]. The decay following the
elastic precursor is associated with the stress relaxation caused by the multiplication
of mobile dislocations or twins [127]. Evidence of profuse twinning was found in the
recovered samples from the c-axis oriented crystals by Kanel et al. No microstructural
analysis was presented for the crystals impacted normal to the (0001) axis.
The HEL can be calculated based on the measured free surface velocity profile. It
is typically associated with the velocity at the first change of slope from the elastic






where Ue is the propagation velocity of the elastic precursor wave taken to be
equal to the longitudinal wave speed cel and vfs is the free surface velocity associated
with the elastic precursor. The density (ρ = 1740 kg/m3) is taken from the literature.






where c11 = λ + 2µ = 59.4 GPa at 300
0K. The value of c11 is taken from Slutsky et
al. [129]. Based on the measured velocity profile, and the above values, the calculated
value of the HEL using the elastic constants for pure magnesium comes out to be
σHEL ≈ 219 MPa. This value of HEL is in the range of the HEL values reported for
magnesium alloys [75, 77].
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In our work, the loading direction is normal to the (0001) direction of the crystal.
The free surface velocity profile is therefore expected to be similar to that of the (101̄0)
loaded crystal from Kanel’s work. The measured free surface velocity shows similar
features of the spiked elastic precursor followed by the precursor decay and then a
separate plastic wave, although the amplitude of the plastic wave is much smaller
because of the low impact velocities in this work. A decay in the elastic precursor
with increasing distance of propagation is also observed [127]. σHEL of ∼390 MPa was
reported for a 2 mm sample by Kanel et al. The HEL value calculated in this work
is lower but is expected assuming the decay of the elastic precursor with propagation
distance given that the thickness of the target in our work was 3.5 mm.
Some of the recent works reported the experimentally measured values of the
Hugoniot elastic limit (HEL) (i.e. the yield stress under uniaxial strain condition) of
some magnesium alloys. For AZ61, the HEL was found to be 205 MPa by Millet et
al. [75]. Hazell et al. measured the shock and spall response of a magnesium alloy
Elektron 675. The HEL was measured to be ∼380 MPa [77].
The velocity history profile here is also similar in nature to the velocity history
profiles generated under shock loading of different materials in which elastic precursor
decay is observed. Johnson and Rhode investigated dynamic deformation twinning in
iron under shock loading [130]. Their observations indicate that the stress relaxation
behind the elastic precursor is associated with twin formation. Impact experiments
were performed by Kanel et al. on aluminum single crystals [117]. The free surface
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velocity history in their experiments also showed decay behind the elastic precursor.
The decay/relaxation observed in the velocity profiles is typically associated with




The single crystal Mg target plates were recovered after impact and sectioned by
EDM to obtain specimens for microstructural analysis. The specimens were then
carefully mechanically polished down to a finish of 5µm (1200 grit) with SiC paper
and water. Care was taken to ensure that ∼300 µm thick layer of material was re-
moved in order to get rid of any damaged material from the EDM process. Mechanical
polishing was followed by chemical etching of the surface with a solution containing
10% nitric acid in distilled water. The etchant attacks the high energy sites in the
material therefore exposing twin boundaries and dislocation rich regions. The optical
micrographs of the deformed material are shown in Fig 6.4(a,b). The optical micro-
graphs are oriented such that the impact face is towards the left side of the image and
the free surface is towards the right side. Three main geometries of twins are observed
in the microstructure. First was the several long and thin twins that lie horizontally
in the image (i.e. perpendicular to the impact and rear faces) are observed in the
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microstructure. The second is the twins that have traces at an angle to the impact
face and intersect the long horizontal twins. The third is the several small twins that
are observed to form at intersections of larger twins or are observed to branch off
larger twins. Several twin intersections are also observed. These twins are oriented
along specific crystallographic planes. The orientation information about these twins
is necessary to determine if the nature of these twins and the twin variants.
Figure 6.4: Optical micrographs of the deformed single crystal Mg target are shown
in (a) and (b). Impact face is towards the left side of the image and the rear surface
is towards the right side.
Complex twin structures are also observed in many places such as the one shown
in the right image in Fig 6.4b. In some cases, twins formed inside another twin are
observed and an example can be seen in the figure (shown by the black arrow). These
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features are difficult to resolve with the optical microscope due to the limitation on
the resolution and the surface topology. The other etch mark type features (shown by
the red arrow) observed in the micrographs are most likely due to the underlying dis-
location structure. These features were also observed in the quasi-static compression
study of single crystal Mg performed by Xie et al. (in preparation).
The optical images were analyzed with a commercial software ImageJ in order
to obtain an estimate of the twin sizes and twin spacing. The terminology used for
some of the microstructural features observed here is shown in Fig 6.5. The average
horizontal and vertical spacing between the larger twins (D and H respectively) was
measured. The average width W (of the big twins) and the average twin lengths of
the two larger groups of twins (Lhorz,Lang) was also measured. The width and length
of the smaller twins was not measured due to the limitation of the resolution of the
images. The average measurements are reported in Table 6.2. These measurements
are useful when constructing physics based constitutive relationships involving defect
sizes and spacing and their effects on the deformation.
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Figure 6.5: Optical micrograph of deformed single crystal Mg. The important features
and the terminology are marked
The average twin sizes observed in the single crystal Mg deformed under impact
loading are compared with those observed in the polycrystalline Mg in Chapter 5. In
the single crystal material, the twins formed are much longer as compared to the ones
formed in polycrystalline Mg under similar loading. In the polycrystalline Mg, the
maximum twin length was limited by the grain size (∼ 20 µm). In the polycrystalline
material, grain boundaries are believed to be nucleation sites for twins due to the
defects associated with them. The grain boundaries are high energy sites and therefore
also act as barriers to the motion of defects such as twins. In the case of single crystal
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Twin length (large horizontal twins) (Lhorz) (µm) 2122 [1013-2653]
Twin length (angled twins) (Lang) (µm) 866 [505-1307]
Twin width (W) (µm) 19 [12-22]
Vertical twin spacing (H) (µm) 267 [208-377]
Horizontal twin spacing (D) (µm) 345 [46-544]
Table 6.2: Nominal twin sizes and spacing (and the ranges) in deformed single crystal
Mg
Mg, there are no grain boundaries to act as nucleation sites or barriers for the motion
of defects. The free surfaces are most likely the nucleation sites in this case. The free
surfaces typically have a defect population due to specimen preparation, handling etc.
Therefore, it appears that grain boundaries play an important role in determining the
morphology of deformation twins. Small twins are also observed in the middle of the
target (Fig 6.4). It appears that they may have formed due to the interaction of the
larger twins.
Under the plate impact loading, there is likely to be dislocation activity in the
single crystal material along with deformation twinning. A comparative study of the
dislocation structure observed in this case with that in the polycrystalline case will
be helpful. TEM analysis of the deformed specimens is planned in order to study the
dislocation structures in the material.
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6.3.2 EBSD analysis
In order to understand the types of twins and the crystallographic orientation of
the twins with respect to the parent, EBSD analysis was performed on the specimens.
The specimens were mechanically polished first and then electrochemical polishing
was performed in a LectroPol-5 electropolisher. The electropolishing was performed
with a 5% nitric acid in methanol electrolyte at 00C and a voltage of 20V.
The inverse pole figure (IPF) map of the deformed single crystal Mg target is
shown in Fig 6.6. Different crystallographic orientations are represented according
to the IPF color map key shown in the inset. The sample is oriented similar to that
in the optical micrographs with the impact direction horizontal in the plane of the
figure. It can be observed from the figure that the parent region (red) is oriented
such that the crystallographic 〈c〉 axis is almost normal to the plane of the image.
Three types of twins, T1, T2 and T3 shown by the dark blue, light blue and light
green colors respectively are identified. The orientation of each of these twins and
the parent region are shown by the wire-frame drawings in the images on the right
side. The misorientation profiles across the twins are measured along Line 1 and Line
2 that cross multiple twins as marked in Fig 6.6. These measured misorientation
profiles shown in Fig 6.7 enable us to identify the types of twins.
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Figure 6.6: Inverse pole figure measured by EBSD of the single crystal Mg deformed
under normal plate impact loading
The misorientation profile across Line 1 is shown in Fig 6.7a. The blue lines in the
figure represent the point-to-point misorientation whereas the green lines represents
the point-to-origin misorientation. Line 1 starts from the parent region, first crosses
twin T1, then twin T3 and back into twin T1 to finally end in the parent region. It
is observed from the profile that the dark blue twin (T1) is an extension twin and is
860 degree away from the orientation of the parent region. There is an 860 change
in the point-to-point misorientation associated with the twin boundary between T1
and T3. Therefore, it appears that twin T3 is an extension twin with respect to the
twin T1. The orientation of twin T3 is ∼600 away from the parent (as seen from the
point-to-origin profile) and therefore it is not an extension twin with respect to the
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parent region.
Fig 6.7b shows the misorientation profile across Line 2. We can observe that the
light green twin (T3) is oriented ∼600 away from the orientation of the parent region
which is similar to the observation along Line 1. The light blue twin (T2) is an
extension twin which is oriented ∼860 away from the parent.
In order to compare the relative orientations of the twins with respect to the
parent, a pole figure type plot in the (0001) direction is shown in Fig 6.8. It can be
observed that the orientation of the (0001) pole in the parent shown by the red dot
(P) is very close to the out of plane direction at the center of the figure. Twins T1
(dark blue) and T2 (light blue) are oriented in such a way that the (0001) poles are
860 away from the (0001) pole of the parent region. The twin T3 (light green) has
the (0001) pole oriented ∼600 away from the parent (P).
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Figure 6.7: Point-to-point and point-to-origin misorientation profiles plotted accross
(a) Line 1 and (b) Line 2 in figure 6.6
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Figure 6.8: (0001) pole figure showing the parent and twin orientations for the IPF
map shown in Fig 6.6
The twins T1 and T2 have a misorientation of 860 with respect to the orientation of
the parent region and therefore are extension twins. The in-plane orientations of these
twins are 600 apart which suggests that they are different extension twin variants.
The twins T1 and T2 are two of the standard extension twin variants observed in
several studies on Mg and its alloys [1, 25,83].
The twin T3 appears to be a secondary extension twin. The exact mechanism for
the formation of this twin is unclear. It is speculated that the twins T1 and T2 are
formed under the initial propagation of the plastic wave from the impact. When this
wave is reflected from the free surface of the target, it may cause secondary twinning
inside the existing twins resulting in twins such as T3. To the author’s knowledge,
this type of secondary extension twinning has not been reported in magnesium thus
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far. In the current experimental configuration, we are unable to differentiate between
the deformation induced by the loading plastic wave and the reflected plastic wave.
Experiments may be conducted in the future where a single wave travels through
the target plate. This can be achieved by using a momentum trap plate backing the
target plate. This will provide a cleaner loading of the sample.
Experiments on AZ31 were performed by Wu et al. [76] using the Kolsky bars.
Observations of extension twins with different variants and double twinning were
made in the deformed samples. It is important to note that the state of stress is
different in the Kolsky bar loading as compared to the plate impact. From our
previous studies (Chapter 3 and 5), we have observed that the uniaxial strain state in
the plate impact loading and the higher strain rates as compared to deformation under
Kolsky bar loading of uniaxial stress produces different twinning characteristics. The
only other studies of the microstucture of a magnesium material after impact/shock
loading to the author’s knowledge were by Hazell et al. [77] and Kanel et al. [127].
Extensive twinning was observed by Hazell in the polycrystalline F grade Elektron
675 alloy shocked to 3.4 GPa. Since only optical microscopy was performed on the
deformed samples, information about the type of twins, variants etc. is not known.
Similar is the case for Kanel’s experiments on (0001) oriented single crystal Mg in
which profuse twinning was observed in the shocked samples with optical microscopy.
A detailed crystallographic study of the deformation twins induced in magnesium
under impact has not yet been performed to the author’s knowledge.
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6.4 Summary and future work
Deformation of single crystal magnesium impacted along the 〈a〉 at low veloci-
ties (55 - 60 m/s) axis was studied. A distinct elastic-plastic wave propagation was
observed. The free surface velocity showed a decay of the elastic precursor typically
associated with multiplication of mobile dislocations or twins. The HEL based on the
measured free surface velocity was calculated to be ∼219 MPa which is in the range
of the measured values for magnesium and its alloys under shock/impact loading.
Microstructural analysis was performed on the impacted samples and extension
twinning was observed to be a dominant deformation mechanism. The average sizes
of twins observed here were much larger as compared to the twin sizes measured in
polycrystalline magnesium in Chapter 5. It is therefore suggested that grain bound-
aries act as strong obstacles to the growth of twins and thus play an important role
in the growth of twins.
Three types of twins were observed in the microstructure. Two of the observed
dominant twins (T1 and T2) correspond to the commonly observed extension twin
variants in magnesium. A secondary extension twin (T3) was observed to form inside
the primary extension twins (T1 and T2). The mechanism behind the formation
of this twin is unclear and further analysis is necessary. The activity of dislocation
mechanisms under this loading has not been studied. Therefore, TEM analysis to
investigate the dislocation structures in the material is also planned.
Normal impact experiments at different stresses i.e. at varying impact velocities
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can be conducted in the future. This will enable us to build an understanding of
the dependence of twin nucleation on the stress amplitude. Experiments conducted
with different pulse durations at the same impact velocity can help us understand the
dependence of twin growth on the pulse duration versus stress amplitude.
The dynamic deformation of single crystal Mg under impact along 〈c〉 axis is also of
interest. In loading configurations of this nature at quasi-static strain rates, pyramidal
〈c + a〉 slip and contraction twinning are the dominant modes of deformation. The




Summary and future work
7.1 Summary of work and concluding re-
marks
Magnesium is gaining increasing importance in automotive, aerospace and defense
applications. Most of the studies on magnesium till date have focused on the defor-
mation of magnesium alloys in the low strain rate regime. However, a fundamental
understanding of the dynamic behavior of this material is important given the po-
tential automotive, aerospace and defense applications. The goal of this thesis was
to improve our overall understanding of the dynamic behavior of magnesium with
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a focus on understanding the relationships between deformation mechanisms (slip
and twinning) and mechanical behavior. This was achieved through experimental
characterization under dynamic loading, microstructural analysis and analytical and
finite element modeling of poycrystalline and single crystal magnesium. The main
contributions of this work are summarized here.
The majority of this work was focused on understanding the behavior of extruded
polycrystalline pure magnesium. This material was chosen due to its strong texture
in the extrusion direction (ED). Texture plays an important role in the deformation
of magnesium and alloys as observed in previous studies [50,59]. All the experiments
presented here were conducted in compression along the ED as most of the grains
have similar orientations with respect to the ED in this material and are expected to
undergo similar deformation. This enables us to understand the overall response of
the material based on a limited number of microstructural observations due to the
low specimen to specimen variability.
7.1.1 Behavior of magnesium under high strain rate
uniaxial stress loading
The behavior of magnesium under compression in the ED at quasi-static (10−3s−1)
and dynamic (103s−1) strain rates is presented in Chapter 3. The work shows that
the mechanisms of extension twinning, 〈a〉 slip and 〈c + a〉 slip are necessary to
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accommodate plastic strains under high strain rate loading along the ED in pure
magnesium of micrometer size grains. The microstructural observations show that
extension twinning reorients the material (∼860) to a harder orientation and causes
a significant change in the texture. The previous works on the dynamic behavior of
Mg alloys have only considered the evolution of twins in magnesium alloys and have
not focused on the dislocation activity [50, 60]. To the authors knowledge, this work
presents the first observations of the evolution of 〈c + a〉 dislocations inside exten-
sion twins in magnesium under dynamic loading. The extension twinning process is
observed to be dominated by the growth of twins from the same variant pair. The
interactions of the pyramidal 〈c+ a〉 dislocations are observed to result in the forma-
tion of dislocation cells and subgrains which act as obstacles to the motion of other
dislocations (Fig 3.13a,b). These observations suggest that the texture hardening due
to the reorientation associated with extension twinning and the hardening caused by
the interactions of the 〈c+a〉 dislocations both contribute to the high degree of strain
hardening in the material. Although contraction twins are sometimes speculated to
be the reason for the high strain hardening rates in Mg alloys [50], no evidence of
contraction twinning was observed until the strains associated with the peak strain
hardening rates.
This work suggests that although extension twinning is the dominant mechanism
at low strains under compression in the ED, pyramidal 〈c+ a〉 slip becomes increas-
ingly important at higher strains under sustained high rate deformation. These ob-
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servations enable us to develop a more complete understanding of the microstructural
evolution of this material during the uniaxial stress dynamic deformation of the order
of ∼200 µs.
7.1.2 Constitutive modeling
The insights gained from the analysis of the evolution of the dominant deformation
mechanisms under compression in the ED were used to develop a simple mechanism
based constitutive model presented in Chapter 4. This scalar model is based on an
internal state variable formulation. The evolution equations for extension twinning,
〈a〉 slip in the parent and 〈c + a〉 slip inside the twinned region are formulated to
capture the behavior of polycrystalline magnesium under compression in the ED. An
empirical formulation for the evolution of twin volume fraction is considered whereas
the evolution of dislocation density is physics based. This model is able to capture
the experimentally observed behavior of extruded magnesium when compressed in
the ED at quasi-static and dynamic strain rates.
A model for the behavior of single crystal Mg under 〈c〉 axis compression is also
developed. 〈c+a〉 dislocation slip is the only dominant mechanism observed under this
loading and therefore a simple analytical solution can be formulated. This formulation
is able to capture the experimentally observed behavior well. This study shows that
the complex response of magnesium can be captured by a simple mechanism based
model.
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7.1.3 Behavior of magnesium under dynamic load-
ing of uniaxial strain
In Chapter 5, the analysis of the dynamic deformation of extruded magnesium
under normal impact at 60 - 70 m/s is presented. The plastic strain accumulated
under the normal impact loading is very low (≤0.35%) due to the triaxial stress
state imposed by the uniaxial strain condition. The observations from this work
indicate that extension twinning occurs in magnesium even under the very short
duration (∼1 µs) of loading. The uniaxial strain condition (in the impact direction)
in the plate impact configurations places a constraint on the strains in the lateral
direction. Therefore, differences are expected in the twinning characteristics in this
case as compared to the uniaxial stress Kolsky bar loading. Here, extension twinning
does not occur uniformly in the microstructure with some regions showing extensive
twinning and other regions devoid of twins. Variation in the amount of twinning is
also observed between targets of different thickness but the reasons are still unclear.
Elastic-plastic finite element simulations performed in Abaqus/Explicit show that the
stress, strain and strain rate are non uniform though the thickness of the plate and
evolve during the loading due to the wave propagation. This distribution along with
the competition with dislocation slip is speculated to be the reason for the variation
in twinning observed in the microstructure.
The average twin tip and twin boundary velocities were estimated from the mea-
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sured twin sizes and found to be greater than a few m/s. The estimated values
provide a lower bound on the velocities due to the post-mortem observation of the
twins formed under the loading. Observations of twins in other materials have sug-
gested that the velocities of twins formed under shock loading could approach the
shear wave velocity [131].
7.1.4 Comparison of twinning under Kolsky bar
and plate impact loading
The twins formed under the plate impact loading are generally observed to be
thinner (and the overall volume fraction lower) compared to those observed under
Kolsky bar loading. The twin number density appears to be similar in both cases.
The main implications of these observations are presented here. Twin nucleation
(and the twin number density) depends upon the local stress concentrations provided
by the grain boundary defects (in polycrystalline materials) and does not appear to
be affected by the duration of the loading. The twin volume fraction which directly
depends on the twin density and the twin sizes appears to be dominated by the contri-
bution from the twin size. The twin morphology (especially the twin width) depends
upon the duration of loading. It is suggested that motion of the twin boundary causes
an increase in the width of individual twins and therefore increases the overall twin
volume fraction as given by the equation w = vTB∆t. Therefore, for a constant twin
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boundary velocity, twins of larger widths are expected for longer time duration of
deformation as are observed in the case of Kolsky bar loading.
These observations imply that twinning occurs even under dynamic loading of
very short time durations. It is important to note that although twinning may occur
under such loading conditions, the volume fraction of twins is expected to be small.
Therefore, the change in the overall texture of the material due to twinning is expected
to be small as well. On the contrary, under sustained dynamic loading of longer
durations (as in the case of Kolsky bars), the twins are expected to grow and cause
a significant change in the overall texture of the material.
Multiple twin variants (and double twins) are observed in many cases under the
microsecond impact loading. This is different from the observation of the same twin
variant pair in the Kolsky bar loading. It is hypothesized that twinning involves
nucleation of multiple variants but the growth of a single twin variant pair dominates
the twinning process to accommodate large plastic strain.
7.1.5 Dynamic behavior of single crystal magne-
sium
In chapter 6, the analysis of the response of single crystal magnesium under normal
impact of microsecond duration along the 〈a〉 axis is presented. Extension twinning
is found to be an important deformation mechanism. The sizes of the extension
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twins formed are much larger compared to the ones observed in the polycrystalline
material deformed under similar loading conditions. This observation suggests that
grain boundaries act as strong barriers to the growth of extension twins. In the single
crystal, twins can grow much longer and wider due to the absence of grain boundaries.
The crystallographic analysis of twins suggested that twins of three different variants
are formed under this loading. The most dominant twin variant is not observed to
correspond with the variant with the highest Schmid factor as has been observed in
a few other quasi-static studies [41, 42].
7.2 Suggestions for future work
This work was aimed at furthering the understanding of the dynamic deformation
of magnesium. Due to the richness of the deformation mechanisms of magnesium and
the complexities induced by dynamic loading, several avenues for extension of this
research are available. A few of the potential research directions for future work are
discussed here.
• Microstructural evolution under quasi-static loading: In Chapter 3, the analysis
of microstructural evolution of extruded magnesium under high strain rate load-
ing was performed and the dominant deformation mechanisms were identified.
Similar analysis performed on samples deformed at quasi-static rates of loading
will enable us to understand the rate sensitivity of the deformation modes. The
214
CHAPTER 7. SUMMARY AND FUTURE WORK
analyses performed till date have focused on the qualitative comparison of twin-
ning at different strain rates and ignored the dislocation activity [55,60]. TEM
analysis of the dislocation structures and dislocation density will be especially
important as dislocation slip is generally sensitive to the rate of loading.
• Behavior at low temperature and high strain rates: In the work presented in
this thesis, contraction twinning is generally not observed. The general un-
derstanding of contraction twinning is still lacking. Experiments that impose
compression along the 〈c〉 axis can be performed at low temperatures and high
strain rates. Under such conditions, dislocation mobility is expected to be low
and contraction twinning may be favorable. This will enable us to improve our
understanding of the contraction twinning mechanism.
• Improvements to the constitutive model: The current constitutive model pre-
sented in Chapter 4 uses an empirical formulation for the evolution of twin
volume fraction. A physics based formulation for the growth of twins is neces-
sary to add predictive capabilities to the model. The evolution of twin volume
fraction based on the motion of twin boundary due to twinning dislocations
(such as that in Ref [132]) can be implemented in the model.
The current constitutive model does not account for the strain rate dependence
of mechanisms explicitly. Dislocation slip is typically sensitive to the strain rate
and although a complete understanding of the effect of strain rate on deforma-
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tion twinning is lacking, studies suggest that extension twinning is somewhat
sensitive to the loading rates [55, 60]. Incorporation of strain rate dependence
in the model will enable us to capture the material behavior more accurately.
• Normal impact at different velocities: Normal impact experiments conducted
at different impact velocities (generating different stress amplitudes) will enable
us to understand the dependence of twinning on stress (and strain rate).
• Pressure shear plate impact: Pressure shear plate impact experiments will be
valuable in analyzing the behavior of magnesium materials under constant high
strain rate loading under combined pressure and shear loading. This will pro-
vide nominally homogeneous loading withing the thin magnesium specimen and
simplify the analysis.
• Twin shapes: An analysis of the shapes of different twin variants in 2D and 3D
will be extremely valuable. A detailed study of the structure of twin boundaries
is also necessary for successfully modeling twin boundary motion.
• TEM analysis of dislocation activity under impact loading: The analysis in
Chapter 5 indicates that the time duration of deformation has a significant
effect on the extension twinning mechanism. The relative contribution of de-
formation twinning and dislocation slip to the plastic deformation under the
microsecond loading is unknown. TEM analysis of the dislocations in the im-
pacted samples will enable us to understand this. This may also enable us to
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understand the reasons behind the observed differences in the target plates of
different thicknesses.
It will be valuable to verify if pyramidal 〈c + a〉 slip (observed inside twins in
extruded magnesium deformed in Kolsky bar) is observed inside the extension
twins formed in single crystal Mg under 〈a〉 axis impact.
• Impact experiments on single crystals along the 〈c〉 axis: Impact experiments
on single crystal Mg along the 〈c〉 axis will enable us to identify the dominant
deformation mode under this microsecond loading. A comparison of these ex-
periments with the ongoing shock experiments on Mg single crystals (Winey
and Gupta) will be valuable in understanding the effect of the impact/shock
stress amplitude on the deformation mechanisms.
• UMAT in Abaqus simulations: The elastic-plastic simulations in Abaqus/Explicit
presented in Chapter 5 do not capture the experimental observations of the free
surface velocity closely. The simulations were performed using a material model
based on extrapolated experimental data. This model did not incorporate the
dependence of strain hardening to the strain rate. In order to represent the
material behavior more accurately, a user defined material (UMAT) can be de-
veloped and implemented in Abaqus. The mechanism based scalar constitutive
model presented in Chapter 4 is able to capture the behavior of magnesium.
Thsi constitutive model can be implemented in a subroutine for incorporation
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into the Abaqus simulations. This will also enable us to predict the spatial and





The development of the plate impact simulations in Abqus/Explicit is discussed
here. First, purely elastic simulations were performed which were followed by the
simulations using an elastic-plastic bilinear model. Finally, a model based on the
experimentally measured stress-strain data was used to run simulations with and
without strain rate dependence. The strain rate dependent model based on experi-
mental data was finally used to perform the simulations presented in Chapter 5. The
results of the prior models are presented here.
A magnesium flyer plate impacting a magnesium target plate is simulated using
a 2D plane strain configuration. The diameter of the flyer and target plates was
taken to be 25.4 mm and three different thickness values of 2 mm, 3.5 mm and 7 mm
were used to simulate the different experiments. The flyer plate is given an initial
velocity of 60 m/s and the target plate is initially stationary. The top and bottom
edges of the flyer and target plates are constrained to have zero displacement in the
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lateral direction in order to simulate the uniaxial strain condition. The schematic of
the setup is shown in Fig A1 below. The 2D plane strain element CPE4R was used
which is a 4-node bilinear quadrilateral element. The 2 mm, 3.5 mm and the 7 mm
flyers and targets were discretized into 2000, 3500, and 7000 elements respectively.
Therefore, there were 200, 350 and 700 elements across the thickness and 10 elements
across the diameter with the thickness of each element being 10µm. This distribution
of elements was chosen since it is important to resolve the stress, strain evolution in
the through thickness direction as compared to the lateral direction.
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Figure A1: Simulation setup in Abaqus
First, purely elastic simulations were performed using material properties that are
listed in the table below for both the target and flyer plates [12].
Density, ρ 1740 kg/m3
Elastic modulus, E 44 GPa
Poisson’s ratio, ν 0.35
Table A1: Elastic properties of pure Magnesium
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Linear elastic response
The case in which the material remains purely elastic under the impact velocity of
60 m/s is shown in the figures below. Fig A2 shows the rear surface velocity of a 3.5
mm target. The free surface velocity rises rapidly to the value of the impact velocity
of 60 m/s upon the arrival of the longitudinal elastic wave at the rear surface of the
target and remains constant thereafter. The longitudinal elastic wave speed in the
material is about 6370 m/s. The elastic wave arrives at the free surface at ∼0.55 µs
(Table 5.2). The longitudinal stress history at a region 1 mm away from the impact
face of the target is shown in Fig A3. The elastic wave arrives at this location at ap-
proximately 0.16 µs. The estimated value of the longitudinal stress due to the purely
elastic wave propagation is σ11 =
1
2
ρcv ≈ 332 MPa. This stress is compressive in
nature. The von Mises effective stress is also plotted in Fig A4 as a reference for com-
parison with the response of the elastic-plastic material models used later. The Mises
stress at this location rises upon arrival of the elastic wave to ∼150 MPa and stays
at a constant value until the unloading wave from the free surface reaches the location.
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Figure A2: Free surface velocity time history for 3.5 mm target with a purely elastic
response
Figure A4: von Mises effective stress time history for purely elastic 3.5 mm target
In the plate impact experiments, the material undergoes inelastic deformation.
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Figure A3: Longitudinal stress time history for 3.5 mm target with a purely elastic
response
Therefore, it is useful to consider an elastic-plastic simulation in Abaqus. Von-Mises
plasticity or the J2 flow theory is used in the Abaqus/Explicit simulations.
Bilinear elastic-plastic response
As a first step towards incorporating plastic material model in Abaqus/Explicit,
we performed simulations with a bilinear elastic-plastic material model. The material
behavior is assumed to be strain rate independent. Isotropic elastic-plastic material
properties for magnesium were used for both the flyer and target plates. The material
behavior in the plastic regime was represented by a simple bi-linear elastic-plastic
behavior in order to simplify the analysis. The elastic properties of the material were
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the same as before. The plastic behavior was described by the linear interpolation
between the stress and plastic strain values in Table A2. These values are taken from
the behavior measured under the high strain rate Kolsky bar loading.
Stress (MPa) Plastic strain
σy = 60 0.0
σ0.15 = 320 0.15
Table A2: Material properties for the bilinear elastic-plastic model
The impact velocity of 60 m/s generates a stress amplitude above the yield limit
of the material. Therefore, the wavefront decomposes into an elastic and a plastic
wave with the plastic part traveling slower than the elastic part. Fig A5 shows the
free surface velocity history for the elastic-plastic targets of different thicknesses. If
the material response remained purely elastic, the free surface velocity would rise
rapidly to 60 m/s upon arrival of the elastic wave. In this case, due to the plastic
yielding, the velocity profile rises to the value corresponding to the yield limit upon
arrival of the elastic wave. The plastic wave arrival later increases the velocity to its
peak value.
The Abaqus simulations were used to study the evolution of stresses and strains in
the target through the thickness and time. It is helpful to understand the effect of the
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Figure A5: Free surface velocity history for different target thicknesses for the bilinear
elastic-plastic material model
elastic and plastic waves on the stresses and strains at different locations in the plate.
The von-Mises plasticity used in Abaqus considers yielding to occur when the mises
equivalent stress (S Mises) exceeds the yield value specified. Considering a simple
two wave analysis - an elastic wave and a plastic wave, we can use the estimated wave
speeds to understand the effect on the stresses and strain in the material due to the
wave propagation. As an example, the plane at the center of the 2 mm thick target
(i.e. 1 mm away from the impact face) was chosen.The location was chosen such that
the reflected waves from the free surface will reach this location at later times. This
helps simplify the analysis due to the separation between loading and reflected waves.
Fig A6 the x-t diagram for the elastic-plastic wave propagation with markers indi-
cating the times at which these waves arrive at the point of interest. The von-Mises
equivalent stress (S Mises) history at this point is also shown. The lowercase letters
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a and b represent the arrival of the elastic wave and the uppercase letters A and B
represent the plastic wave. The markers represent the times calculated assuming the
wave speeds in Eq ?? and Eq ??. From the figure, it an be observed that upon arrival
of the elastic wave (a), the stress increases to the value of the yield limit (60 MPa)
and then there is further increase due to the plastic wave (A). The stress remains
at this constant value until the reflected elastic wave (b) unloads it. The reflected
plastic wave (B) arrives increasing the stress again to a slightly higher value due to
the isotropic linear hardening in the material model. At points such as P, the loading
plastic wave and the reflected elastic wave arrive at the same time. Their interaction
adds complexity to the analysis. The effect of this interaction is seen at the point P on
the stress history plot. The analysis therafter becomes complicated. The important
point to note is that the stresses do not exceed the yield limit after ∼1µs and the
equivalent plastic strain remains at a constant value for the 2 mm target thereafter.
The equivalent stress history at the point 1 mm away from the impact face is
plotted for plates of different thicknesses in Fig A8. The differences in the stress
history due to the different thicknesses can be observed. The equivalent plastic strain
history for the same location is plotted in Fig A9. The plastic strain increases due to
the initial yielding of the material at the same time for the three different thicknesses.
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Figure A6: von-Mises equivalent stress history at a point 1 mm away from the impact
face of a 2 mm target
The reflected plastic wave from the free surface causes yielding of the material again
and increases the plastic strain. This reflected wave arrives at this location at different
times due to the difference in the target thickness. It arrives sooner for the 2 mm
thick target and therefore the plastic strain rises to its peak value in shorter time as
compared to the thicker targets. The overall time available for the material point to
reach the peak strain value is the shortest for the 2 mm target and longest for the
7 mm target. The accumulated equivalent plastic strain is similar for the different
targets. A slightly higher strain is observed for the 7 mm target due to the slightly
higher profile of the Mises stress (red line) from the reflected wave.
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Figure A7: Equivalent plastic strain history at a point 1 mm away from the impact
face of a 2 mm target
Figure A9: Equivalent plastic strain history for elastic-plastic material response of a
2 mm target
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Figure A8: von Mises effective stress time history for elastic-plastic material response
of a 2 mm target
Rate independent model based on experimentally
measured material behavior
The bilinear material model used in the previous case is a simplifying assumption
and not a realistic representation. Instead of assuming the bilinear material response,
the experimentally measured dynamic stress-strain response from Chapter 3 is used to
describe the material behavior. In this section, the results obtained from a strain rate
independent material model based on the experimental data are presented. The elastic
properties of the material were kept the same. The plastic behavior is described by
the dynamic experimental data and a strain rate independent behavior is assumed.
Simulations were performed for plates of the three different thicknesses. The free
surface velocity profiles from the simulations are shown in Fig A10. The profiles
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show the effect of the elastic and plastic waves on the velocity history. A sharp step
in the velocity history from the elastic and plastic wave is observed. If we compare
these free surface velocity profiles to the experimentally measured free surface profiles
(Fig 5.6), we observe that the simulations do not capture the nature of the velocity
history accurately. Therefore, we can conclude that the experimentally based strain
rate independent material model used in the simulation does not capture the material
response accurately.
Figure A10: Free surface velocity time history for different target thicknesses with
the rate independent model based on experimental data
We compare the effective von Mises stress and the equivalent plastic strain history
at the same location (1 mm from impact face) in targets of different thickness with
the rate independent material model with dynamic experimental data. The von-Mises
equivalent stress history is similar to the one in case of the bilinear material model.
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In this case, the peak stress value remains close to the yield value. This is because
the experimentally measured stress-strain response of the material is such that the
material behavior is almost perfectly plastic just after yield. As the strains induced
from this loading are very small, they lie in this almost purely plastic regime. Hence,
the corresponding peak mises equivalent stresses in the plate impact simulation are
just above the yield limit. The equivalent plastic strain profiles are also similar. A
slightly higher value of the peak plastic strain is observed for the 7 mm target here
as well similar to the bilinear material model case.
Figure A11: von Mises stress history at a location 1 mm away from the impact
surface in targets of different thicknesses with the rate independent model based on
experimental data
The accumulated plastic strain in the target during the deformation is shown for
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Figure A12: Equivalent plastic strain history at a location 1 mm away from the
impact surface in targets of different thicknesses with the rate independent model
based on experimental data
all cases in Fig A13. This distribution is shown on a normalized distance from the
impact face in Fig A13b for easier comparison. It can be observed that a more or less
uniform distribution of plastic strain through the target thickness is observed from
this rate independent material model. The plastic strain accumulated at the impact
face and the rear face is different due to the effect of the boundary conditions. In
the next section, we implement rate dependence into the material model in order to
obtain material behavior closer to that observed in the experiments.
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(a) (b)
Figure A13: Accumulated equivalent plastic strain distribution through targets of
various thicknesses calculated with a rate independent model plotted along (a) real
distance from the impact face (b) normalized distance from the impact face
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